Investigation of observer variability using a new method for determining color matching functions by North, Amy D.




Investigation of observer variability using a new
method for determining color matching functions
Amy D. North
Follow this and additional works at: http://scholarworks.rit.edu/theses
This Thesis is brought to you for free and open access by the Thesis/Dissertation Collections at RIT Scholar Works. It has been accepted for inclusion
in Theses by an authorized administrator of RIT Scholar Works. For more information, please contact ritscholarworks@rit.edu.
Recommended Citation
North, Amy D., "Investigation of observer variability using a new method for determining color matching functions" (1991). Thesis.
Rochester Institute of Technology. Accessed from
Investigation of Observer Variability Using
a New Method for Determining
Color Matching Functions
Amy D. North
B.S. Imaging Science, Rochester Institute of Technology (1989)
A thesis submitted for partial fulfillment
of the requirements for the degree of
Master of Science in Color Science
in the Center for Imaging Science
in the College of Graphic Arts and Photography
of the Rochester Institute of Technology
November 1991
Amy D. North




College of Graphic Arts and Photography




The M.S. Degree Thesis of Amy D. North
has been examined and approved
by two members of the color science faculty
as satisfactory for the thesis requirement for the
Master of Science degree.
Dr. Mark Fairchild, Thesis Advisor
Dr. Roy Berns
Thesis Release Permission Form
Rochester Institute of Technology
Center for Imaging Science
Title of Thesis Investigation of Observer Variability Using a New Method for
Determining Color Matching Functions
I, Amy D. North , hereby grant permission to the Wallace
Memorial Library of R.I.T. to reproduce my thesis in whole or in part. Any
reproduction will not be for commercial use or profit.
Investigation of Observer Variability Using a
New Method for Determining
Color Matching Functions
Amy D. North
Submitted for partial fulfillment
of the requirements for the degree of
Master of Science in Color Science
in the Center for Imaging Science
in the College of Graphics Arts and Photography
at the Rochester Institute of Technology
ABSTRACT
The Munsell Color Science Laboratory has developed a new method
for determining color matching functions. It relies on a mathematical model
that expresses color matching functions as the product of linear transforms of
the cone action spectra and variable transmittances of the lens and macula for
each observer. With this model, the full spectral tristimulus functions can be
computed from a minimum of five visual matches.
A visual colorimeter was designed to implement the MCSL model.
The current instrument utilizes CRT primaries and seven interference filters
to make matches to simulated daylight in a
2
bipartite field. The system was
designed to minimize the strain on observers. Color matching functions of
naive observers can be measured in approximately 30 minutes. Results from
an individual observer correlated well with data collected on the National
Research Council of Canada's Trichromator.
Color matching data for a single observer for 20 repetitions and 18
observers were measured. The variability for the single observer for 20
repetitions over a month's time was found to be similar to the uncertainty of
matching within a measurement session. The variability of the 18 observers
was found to be much larger. The results were compared with the CIE
standard deviate observer. The CIE standard deviate observer showed
variability similar to that of the single
observer but much larger than the
variability of the 18 observers evaluated
in this research.
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1. INTRODUCTION
The use of the colorimetry in determining color matches and
acceptability tolerances for those matches is widespread in research and
industry. The color matching functions of normal human observers are the
fundamental basis for colorimetry. In order to provide a statistically sound
basis for colorimetry, the inter- and intra-observer variability for color
matching functions must be well defined. Yet, despite the extensive use of
colorimetry, only a few experiments have been performed to collect these raw
observer variability data. The latest of these experiments to measure color
matching functions for a large group of observers was performed by Stiles et
al, (1959). Measures of observer variability based solely on color matching
functions were derived using a very limited population. The main reason for
the limited number of experiments to collect individual color matching
function data was the time required to gather data. The purpose of this
investigation was to test a new method for determining color matching
functions with only a few matches and to investigate observer variability.
The studies performed by Guild (1928) and Wright (1931) and
Stiles et al., (1955) in which color matching function data were collected
supply the historical and theoretical basis for the current study. Studies
performed to investigate the transmission of the optical media include Coren
and Girgus (1972), Said and Weale (1959), Boettner and Wolter (1962),
Ruddock (1965), van Norren and Vos (1974), etc. Studies were also performed
to determine the responsivity of the cones (Smith and Pokorny (1972)). These
investigations have supplied information about the human eye that was
essential to the development of the Munsell Color Science Laboratory (MCSL)
color matching function model. The theory of color matching functions and
the studies mentioned above will be briefly reviewed and the unique features
of the MCSL model will be explained.
1.1 COLORMATCHING FUNCTIONS
The theoretical bases for measuring color matching functions are
relatively simple. With no exceptions, any color can be matched by a mixture
of three distinct colors known as primaries. Primaries are defined as a set of
three lights, real or imaginary, in which each is a distinct color that cannot be
matched by an additive combination of the other two. The choice of colors
for the primaries is arbitrary, although in physical experiments lights that are
perceived as red, green, and blue are often selected because they provide the
largest gamut of colors that can be matched by additively mixing the three
primaries. Any color, C, can be represented by a trichromatic equation of the
type
C = RR + Ga + BB Eq. 1(1.1)
where H, &, B are the primaries and R, G, B are the amounts of each
primary needed to match to
a given color. R, G, B are also known as
tristimulus values. There are cases in which no additive mixture of the three
real primaries can match the test color. In this case, one of the primaries is
transferred to the test color field to desaturate the test color. This results in
negative coefficients in the trichromatic equation. For example, if the H
primary were added to the
test color, the equation would appear as
C+RR=GG + BB Eq. 2(1.1)
C = -RR +GG + BB Eq. 3(1.1)
Color matching functions are the set of tristimulus values determined
for a specific set of primaries, spectrum, and white point (normally equal
energy). Color matching functions are also referred to as the tristimulus
values of a defined spectrum. Tristimulus values are fundamental for
describing a color match for the given primaries and color matching
functions are the basis for computing any match within the measured
spectrum for the given primaries. The CIE system of colorimetry was
established on the specification of color matching functions for a standard
observer.
The CIE 1931 standard observer is based on two independent
experiments performed by Guild (1931) and Wright (1928) that measured the
chromaticity coordinates (relative tristimulus values) for a total of 17
observers. Earlier experiments include determinations of color matching
functions made by Maxwell (1860), Konig and Dieterici (1892), and Abney
(1905) and modifications by Ives (1923). These studies were valuable in
directing the trichromatic theory (Guild, 1931). Work performed prior to the
time of Guild and Wright's studies were considered by the 1930's to be limited
greatly in the experimental equipment's ability
to give precise numerical data
for technical use (Guild, 1931).
1.1.1 Guild's Color Matching Function Experiment
One of the first major investigations was performed at the National
Physical Laboratory (NPL) in the late 1920's by Guild (1931). The Guild
trichromatic colorimeter incorporated an incandescent tungsten lamp (color
temperature 2900K) that was filtered using gelatin filters to give three
relatively broad wavelength bands corresponding to red, green, and blue
regions in the spectrum. The observer adjusted the amounts of the three
regions to produce a match to a monochromatic stimulus (Guild, 1931).
For cases in which no additive mixture of the three real primaries can
match the test color, one of the primaries was transferred to the test color field
to desaturate the test color. In order to keep all of the measurements on the
same physical scale, a match was made between the transferred primary in the
test field and the same primary in the matching field. This match was made
by the supervisor of the experiment since the measurement involved no
color difference which would be influenced by the individual's color vision
(Guild, 1931). Having the matches performed by the same observer for all
experiments improved the precision of the transfer primary measurements.
This method proved quite suitable for the time period. Fortunately, more
sophisticated instrumentation reduces the need to have all measurements
visually calibrated in this manner. This method of measuring the transfer
primary added to the time needed to measure
an individual's color matching
functions.
Special attention was also given to the field size and uniformity. The
field of view was made square and divided into two rectangular portions by a
horizontal dividing line. The size of the aperture was such that each side of
the square subtended an angle of approximately
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at the observer's eye
(Guild, 1931). This size was chosen for two particular reasons: 1) this angle
was almost entirely within what was
known as the average "yellow
spot"
(macular pigment) of the retina, and 2) this size was almost the same size as
that used to determine the standard visibility data, V(X), which was important
to the work in order to obtain tristimulus values from chromaticity
coordinate measurements (Guild, 1931). A spreading device consisting of a
crown of rotating lenses was used in the system to maintain field uniformity
(Guild, 1931) Head rests and bite bars were incorporated in such experiments
in order to keep each observer fixating at the same observation angle.
Observers made four or five matches consisting of ten observations to a
standard white in order to determine the white point for each observer's
color matching functions (Guild, 1931). Each of the observer's readings on the
three primary scales were multiplied by the white-light factors in order to
reduce the measurements to the basis that equal quantities of the three
primaries match white. The values obtained were in the form of
chromaticity coordinates r(X), g(X) and b(X) in which
ra)+g(?i)+ba)=i
Eq. Ki.i.D
By definition, chromaticity coordinates are related to tristimulus values R(X),
G(X), B(X) by the following equation:
r(X) = R(X) I \R{X) + G(X) + B(X)] Eq. 2(1.1.1)
and similarly for g(X), and
b(A.).
Guild felt that the radiometric equipment of the time was not sensitive
enough for evaluating the energy
intensities (Guild, 1931). Therefore,
additional measurements of the individual observers were required to
transform the data from chromaticity coordinates to
tristimulus values.
Guild's observers made heterochromatic brightness matches by the flicker
method. On the basis that color matching includes brightness matching, it
was assumed that this was an additive process and that a linear combination
of the color matching functions would give the standard visibility data.
V(A.) = UR(X)+UG(X) + LBB(X)
^ ^lld
The visibility data, V(X), had been a CIE standard since 1924. Lr, Lg and Lb
were considered proportional to the brightnesses of the unit quantities of the
primary stimuli, R(X), G(X), and B(X) were color matching functions. Lr, Lg
and Lb can be determined by heterochromatic brightness matching to within
a constant. By replacing the color matching functions with chromaticity
coordinates, the relationship thus becomes
v(X) = [r(X) +ax) + Ba)][LRra) + ugix) +uux)]
Eq 4aiil)
where Lr,Lg and Lb were determined from the brightness matches, t(X), g(X),
and b(^.) were the measured chromaticity coordinates and the sum of R(X),
G(X), and B(X) was calculated by assuming the known standard visibility data,
V(X). This made the sum accurate to within a constant factor and maintained
the color matching functions correct
relative to one another. Once the sum of
the color matching functions was
known at each wavelength, the tristimulus
values were back calculated through the chromaticity coordinate relationship.
Guild noted that there were discrepancies with the assumption that the color
matching functions were
a linear combination to the standard visibility data.
However, Guild felt that these measurements were a more accurate method
for obtaining the color matching functions in tristimulus
values compared to
the radiometric equipment measurements (Guild, 1931).
Measurements were made in increments of 10 nm for the ranges from
400nm to 480nm and from 530nm to 700nm and in increments of 5nm for the
range from 480nm to 530nm. Measurements were made for only seven
observers on the Guild trichromator. Despite the small number of observers,
the data were regarded as sufficient for the internal needs of the NPL where
they were collected (Guild, 1931). Guild's results are shown in Figure 1(1.1.1)
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Figure 1(1.1.1) Guild's color matching function results of seven observers. The
shaded area shows the range of observer variability (Wyszecki and
Stiles, 1982).
1.1.2 Wright's Color Matching Experiment
In 1928, Wright published an independent investigation on color
matching functions. Wright's trichromatic colorimeter used three
monochromatic stimuli for the observer to produce matches to the test
monochromatic stimulus. The three primaries had mean wavelengths of
650, 530, and 460nm. These primary locations were chosen to keep the
negative coefficients as small as possible and give sufficient energy in the blue
region.
The field of view employed in Wright's instrument was similar to that
of Guild's instrument. The field was a
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horizontally-split bipartite square
imaged on the fovea. Wright also performed heterochromatic brightness
matches (flicker method) in order to measure the relative intensities of the
primaries. Wright's white had a correlated color temperature of 4800K.
Wright developed a normalization method in order to investigate pre-
retinal absorption. The monochromatic primaries were normalized such that
the red and green chromaticity coordinates matched at 582.5 and the blue and
green chromaticity coordinates matched at 494.Onm. With these two
wavelengths normalized, two observers, who possessed identical post
receptor properties of the visual system and who possessed no prereceptoral
light losses, would demonstrate identical spectrum loci (shown in Figure 1.1)
and corresponding color matching functions Ro(X,), G0(^), and B0(^.) (Wyszecki
and Stiles, 1982). For no preretinal absorptions,
Figure 1(1.1.2) Spectrum locus of two observers with identical receptor
responses but different preretinal absorptions (Wright, 1928).
both observers would have a match to white which would correspond to Wl
in Figure 1(1.1.2). However, if the second observer had a yellow filter in front
of his receptors, the color matching functions would be weighted by the
amount of light loss [l-t(A,)] at each wavelength and would have the form
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t(X)Roa), t(X)G0(X), and t(A.)B0(X,) (Wyszecki and Stiles, 1982). The yellow filter
would affect the quality of the white. The second observer's match to white
would correspond to W2. However, the quality of the spectral colors would
remain the same as the first observer since they are monochromatic
radiations (Wright, 1928).
Mathematically, the color matching functions in the W.D.W. system
are defined by
R(3l) =^^% Eq. 1(1.1.2)











G<A) Jk*= Eq. 4(1.1.2)
are determined at the crossover wavelengths of X,rg and A-bg (Wyszecki and
Stiles, 1982). For Wright's primaries, Xrq = 582.4nm and ^bg =494.0nm. By
definition, the chromaticity coordinates are
r(X) =
R(X)
R(X) +G(X) + B(X) Eq. 5(1.1.2)



















The chromaticity coordinates of monochromatic primaries in the W.D.W
system are therefore independent of t(X) (Wyszecki and Stiles, 1982).
Comparing the chromaticity coordinates of the monochromatic
















it is evident that different t(X) will affect the quality of (P^d^) (Wyszecki and
Stiles, 1982). Therefore, going back to the observer analysis in Figure 1(1.1.2),
the two observers (having different yellow filters) will not be different in
their chromaticity coordinates of the monochromatic colors. However, they
will show a difference in their matches to the white.
Wright felt that this method of normalization could be useful in
investigating particular parts of the optical media (Wright, 1928). Within the
optical media of the eye, there are many absorbent materials most of which
are transparent and vary little from person to person (Wright, 1928).
However, the macula, a yellow filter in front of the fovea, was suspected by
Wright to vary in density and therefore amount of
"yellowness"
from
observer to observer. Wright felt that this method of fixing primaries could
be useful in determining the variation in the density of the pigment. If
matches to white were made and the primaries were normalized in the
method above, the chromaticity coordinates of a white match would be
affected by any colored filtering in the optical media. The differences between
the matches to white from observer to observer would then give an
indication of the variation in density of the macula from observer to
observer. Wright deduced that variation in pigment density would result in
a variation in the white point along a straight line. He also felt that a position
deviating from the straight line would indicate a variation in dominant hue
due to the increase in density (Wright, 1928).
11
Wright measured the color matching functions of 10 observers shown
in Figure 2(1.1.2). In addition, Wright measured the matches of 36 observers
to a standard white point (shown in Figure 3(1.1.2)).
450 500 550 600 750
Wavelength X (nm)
Figure 2(1.1.2) W.D.W. coordinates showing color matching functions of 10





















Figure 3(1.1.2) Wright's measured chromaticiry points of matches on a standard
white for 36 observers (Wyszecki and Stiles, 1982).
Wright evaluated the observational error of his more accurate
observers to be within 2% for the red and green primaries and 4% for the blue
primary (Wright, 1928). He also evaluated the possible
instrumentation
error. By computing the total error effect on a given match, Wright
concluded that the variations in Figure 2(1.1.2) could not be explained by
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observational errors. The blue end of the spectrum, Wright felt, showed
insignificant variability. However, the blue-green part of the spectrum
showed variability which, despite observer comments of the difficulty to
match, Wright concluded was significant variability.
Wright also analyzed the white coordinate matches and deduced that
the observational errors and observer variations in color matching functions
were too small to account for the variation seen in Figure 3(1.1.2). Wright
determined from his experimentation concerning the macular pigment that
the major source of variation among normal trichromats was variation of the
macular pigment in density and to a lesser extent in dominant hue. The
results of this early experiment did not give strong evidence of other
absorbing media, such as the crystalline lens, adding an additional change in
hue (Wright, 1928). However, it was shown in later experiments that both
the macula and lens are the two significant factors in variations in color
matching functions among observers (Ruddock, 1963, 1965; Nayatani et al,
1988).
The mean results of the Guild and Wright experiments are shown in
Figure 4(1. 1.2).
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Figure 4(1.1.2) Guild and Wright's means in WDW primaries.
The results of the two independent experiments were very similar (Guild,
1931). The results were soon combined to give the basis for the CIE 1931
standard observer. The CIE 1931 standard observer was also given the added
feature that one of the functions coincide with the V(X) function.
1.1.3
Stiles'
Color Matching Function Experiment
The 1931 standard observer was widely used for determining color
matches of materials from spectral measurements for many years before a
new investigation redetermining the color matching functions was
performed by Stiles in the 1950's. The new investigation was initiated
because of concern for the correctness of the 1924 standard luminous
efficiency function (V(X)), discrepancies between
perceived and measured
color differences between certain titanium pigments, and interest in
applicability to color matching
in large visual fields used for industrial
production control (Stiles et al, 1955). Of particular concern to the present
study were the results
of the color matching functions and the results of the
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correctness of the luminous efficiency function because of its imposed
relationship on the CIE 1931 standard observer.
Stiles performed a pilot study directly measuring the spectral
tristimulus values of 10 observers ages 20 to 53 using the Stiles (or NPL)
trichromator. Since the results were directly measured as color matching
functions, heterochromatic brightness matches were not required. The results
obtained by Stiles et al. (1955) showed that there were experimentally
significant discrepancies between their results and the CIE 1931 standard
observer. Despite these discrepancies, it was decided by the CIE Colorimetry
Committee in 1955 that there was not a significant enough difference between
the Stiles
2
data and the CIE 1931 standard observer to warrant a change in
the
2
standard observer for practical colorimetry (Wyszecki and Stiles, 1982).
Estevez (1982) performed a study of the data from each of the
investigations for the
2
observer because he felt that the CIE standard
observer imposed additional processing to the experimental data that may
have added error to the experimentation performed by Guild and Wright.
Estevez (1982) showed that comparison between the
Stiles'
data and the Guild
data and Wright data gave differences of the same order of magnitude
between all studies. The upper panel in Figure 1(1.1.3) shows the deviations
between corresponding points of the spectrum loci between the Stiles
2
data
(1955) and the CIE 1931 standard observer. The lower panel of Figure 1(1.1.3)
(Estevez, 1982) illustrates that the euclidean differences for the spectrum loci
between
Stiles'
results and the other two studies are of the same order of
magnitude. Since none of the euclidean differences were the sum of the
other two comparisons, the differences were all distributed in the same way.
The differences were also within observer variability. Therefore, Estevez
15
concluded that the three studies agreed with each other and represented the
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Figure 1(1.1.3) Euclidean difference of spectrum loci. Upper panel shows
deviations between CIE 1931 standard observer and Stiles (1955)
2
data. Lower panel shows distances computed from the data of Stiles et
al, (1955) and Wright (1928) in triangles, Stiles et al, (1955) and Guild
(1931) in squares, and Guild(1931) and Wright (1928) in circles. The
lower panel is in W.D.W system. The three studies agree and each
would represent average normal observer (Estevez, 1982).
Stiles'
observers also made heterochromatic brightness matches but
these matches were not necessary in evaluating the results
of the color
matching functions. The results
of the brightness matches showed that the
CIE values for V(X) were too low below the wavelength of 460 nm.
Stiles went on to investigate large field viewing color matching
functions which, along with data obtained by Speranskaya (1959, as
found in
Wyszecki and Stiles, 1982), led to the development of the CIE
1964 (10)
standard observer. Stiles obtained data for 49 observers in the large field study.
These data have been extensively investigated using
statistical measures of
observer variability and the
significant features of the observer variability.















in W.D.W. coordinate system
(Wyszecki and Stiles, 1982).
The Electrotechnical Laboratory of Japan (Katori and Fuwa, 1979) also
collected
10
color matching function data on 10 normal
trichromats. The
luminance levels (200td) were much lower than those used by Stiles.
Therefore, differences between the results were expected due to rod intrusion
(Wyszecki and Stiles, 1982).
No further experiments were designed to obtain the color matching
functions of a large number of observers. However, there have been many
investigations that have measured other features of the visual system that
have greatly aided in the understanding
of the relationship of color matching
functions to the eye. The results of these studies are key elements to the
development of the MCSL model which was used in the present study. These
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experiments, which used a variety of physical and psychophysical techniques,
were largely concerned with the transmission and absorption of the different
components of the eye and how the transmission varies with age.
1.2 OPTICALMEDIA EXPERIMENTS
The first attempt to perform in situ (living subjects) measurements of
the yellowing of the human lens with age was attributed to Hess in 1911
(Coren and Girgus, 1972). By measuring the threshold for blue light in
subjects who had one eye lens surgically removed (aphakic eye) he found that
the eye with the lens had a much higher threshold (Coren and Girgus, 1972).
He also found that there was a proportional relationship between the
chronological age of the observer and the relative threshold for the blue light.
This was interpreted as being an increased absorption in the lens with age.
Said and Weale (1959) performed measurements of photographs of the
third and fourth Purkinje images (reflections from the front and back
interfaces of the lens) in order to quantify the changes in lens transmission
due to age for subjects whose age ranged from 4 to 63. The lens absorption
was calculated from the differences between the third and fourth Purkinje
images. They discovered that the optical density spectrum for subjects up to
the age of 20 showed little change. Subjects older than 20 years however
showed a systematic increase in optical density with age. Said and Weale
















Figure 1(1.2) The relation between optical density and age (Said and Weale,
1959).
Said and Weale (1959) found good agreement of their data with that of an
excised lens (open circles).
Said and Weale (1959) concluded that the changes with age were most
likely due to an increase in density of the lens. Through plots of density
against the reciprocal of the fourth power of the wavelength, they felt that the
loss of light in the eye was also due to increased scattering of the lens with age
(Said and Weale, 1959).
Other studies using freshly enucleated eyes continued to give age
related data on the lens as well as other components of the eye. Boettner and
Wolter (1962) performed transmittance measurements (total and regular) on
the cornea, aqueous humor, lens and vitreous humor of nine human eyes
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varying from 4 weeks to 75 years. The investigation covered the
transmittance of each component individually from 220 to 2800nm. In the
visible region, the cornea transmitted over 80% and displayed no age trend,
and the aqueous and vitreous humors transmitted over 90% with no
differences due to age. The lens was flattened as much as possible without
breaking the lens capsule to reduce its optical power. The lens showed a
significant dependence with age.
As with the Said and Weale (1959) study, Boettner and Wolter (1962)
also found that there was little difference in transmission of the lens up to age
20. They discovered the young eye lens to increase in total transmittance of
nearly 0% at about 390nm and to reach 90% at 450nm. The older eye,
however, increased in total transmittance at 400nm and did not reach 90%
until 540nm. The direct transmittance measurements concluded that the
light scattering by the older lens is much higher - approximately twice as
much from the young lens to the oldest lens. The mean deviations for direct
and total transmittance of the lens was determined to be 1.5% and 2%
(Boettner and Wolter, 1962). Boettner and Wolter (1962) concluded that their
direct transmittance age dependence measurements were in fairly good
agreement with the findings of Said and Weale (1959).
In the 1960's Ruddock (1963) performed a study to determine the
densities of the macular pigment at different areas of the retina and to deduce
an absorption curve for the macular pigment from color matching function
data. Using Wright's colorimeter, Ruddock (1963) collected color matches to
white for four observers performed foveally (10) and at eccentricities of 1,
2.5, and
5
from the fovea. A flash and recovery cycle was used to overcome
adaptation for the extra-foveal regions (Ruddock, 1963). The observers were
chosen from 150 observers of a previous study matching white points. The
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observers demonstrated normal spectrum loci but one observer possessed
heavy pigment, one possessed average pigment density and two had very
little macular pigment (Ruddock, 1963).
The results for the various eccentricities and
10
centrally fixed showed
that the observers with little pigment made very similar matches for all
retinal locations while the observer with heavy pigmentation showed a line
across the chromaticity diagram corresponding to a change in pigment density
with retinal location (Ruddock, 1963). The observer with average pigment
showed a line similar to that of the heavy pigment observer but not as
extensive. Ruddock concluded that there was a pigment existing in the fovea
of the living eye and that the optical density can vary considerably from
person to person.
In order to determine the absorption spectra of the macula, Ruddock
(1963) made measurements from 440 to 580nm at lOnm intervals. For the
two observers who showed pigmentation, Ruddock determined the macula
absorption from the change in luminous flux (for two wavelengths) from a
centrally located match at each wavelength to a match made at
2
eccentricity
from the fovea. Ruddock illustrated that the absorption spectra results he
obtained were similar to those determined by Wald (1959) from extracted
pigment from human macula.
Ruddock (1965a) also performed an investigation of the age effect on
the receptoral system. He chose three methods to avoid prereceptoral changes
in light transmission with age: wavelength discrimination, relative
luminances of matching stimuli of the
W.D.W. chromaticity coordinate
system, and chromaticity coordinates of a spectral
wavelength. His
assumption for wavelength discrimination tests was that only the intensity of
a monochromatic stimuli can be changed by a filter. If equality of brightness
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can be maintained between the wavelengths discriminated, there will be no
effect of the filter (Ruddock, 1965a). The chromaticity coordinates of a match
to a spectral wavelength are unaffected by differences in transmission as
explained in section 1.1.2.
Relative luminosity measurements are unaffected by differences in
prereceptoral transmissions (Wright, 1928). The basis for this assumption can
be shown best in an example of the computed ratios (Wright, 1928). Suppose
that an observer matched a spectral color with 2 units of primary A and 3
units of primary B and the corresponding luminosity measurements were 2
and 10. The luminosity proportions were then 20:6. If the observer had a
yellow filter, then the primary A would be reduced by a factor
a'
and B would





luminosity match would be
2/a'
and 10/b'. Thus the same ratio was obtained.
Using the Wright trichromator, Ruddock (1965a) performed the
wavelength discrimination by just noticeable difference (J.N.D.) for three
wavelengths: 590, 530 and 490nm. A total of 347 observers performed these
tests. The observer controlled the wavelength and brightness adjustment.
Ruddock also determined probability distributions of the J.N.D. wavelength
test for six observers at the above wavelengths plus 455nm and 445nm.
Ruddock (1965a) concluded from these results that the receptor system
remains unchanged with age in its response to color.
The results of the relative luminosity and the chromaticity of a spectral
wavelength also demonstrated that there was no correlation between the age
and the results obtained.
Ruddock (1965b) further went on to investigate the age-dependence on
prereceptoral components of the eye by examining the chromaticity
coordinates of matches to a white light source SB- He used the W.D.W.
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coordinate system for normalization with the understanding from Wright's
work that a match to white was dependent upon the effect of prereceptoral
light absorption. Ruddock (1965b) averaged the results of his survey for small
age groups to eliminate individual differences but retain age effect. The
differences of the means for different age groups was then considered to be
representative of age variation in light transmission of the optical media.
Ruddock's results were very similar to Wright's (Figure 2(1.2))
although the interpretation was much different with the increased












Figure 2(1.2) Mean chromaticity coordinates of the white point Sg obtained
for the age groups 16-21 years, etc (5 year groupings). The points are
plotted in the red-green plane of the WDW chromaticity diagram
(Ruddock, 1965b).
Ruddock deduced that the trend indicated that blue light was lost from the
retinal image as age increased and that this loss was continuous with age.
Ruddock used knowledge of the absorption coefficients of the macula and
determined that an increase in macular pigment density should lead to an
increase in V(X) at 460nm relative to the value at 420nm. He also applied age
changes in the lens transmission data from Said and Weale (1959). Ruddock
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compared these with V(X) measurements he performed on 400 observers.
Figure 3(1.2) illustrates that a hypothetical increase in macular pigment
density would be in an opposite effect of what experimental data showed
while the lens data is in the same direction as the experimental results.
Figure 3(1.2) Values of the ratio of V(X) at 420nm to V(A,) at 460nm for each age
group. Circles show the experimental results, crosses the results
predicted by the lens-ageing data, and the triangle the result due to
increase inmacular pigment concentration (Ruddock, 1965b).
Van Norren and Vos (1974) incorporated another method
demonstrated by Tan (1971) that used the scotopic sensitivity curve compared
with the rhodopsin spectrum to yield the transmission curve of the entire
ocular media. In order to illustrate a range of transmission, they chose six
subjects from Crawford's (1949) scotopic sensitivity results for 50 subjects ages
17 to 30 and calculated the difference with the rhodopsin spectrum. Two
important assumptions were made: 1) the apparent differences in sensitivity
were due to differences in the absorptance of the pre-retinal media (mostly
the lens) and 2) all subjects had an identical pigment that accounted for the
absorption and it was the density of the pigment that varied. The results of
the differences given in Figure 4(1.2) indicated the extent to which individual
eye lenses may differ in an age group of 17 to 30 years.
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Figure 4(1.2) Density of all ocular media. The shaded area indicates the
individual variation (95% probability area) (Norren and Vos, 1974).
Van Norren and Vos calculated this variation to be about +/- 25% of the
average. This variation was representative of the variation before extensive
aging effects. They also concluded that the two assumptions made above held
true.
More recent studies, such as those by Lerman (1984) and Hockwin et al
(1984) added insight regarding the biological reason for the change in lens
transmission due to age. These studies agreed with already existing data on
the transmission of the optical media in the visible region of the spectrum.
Analysis performed by Hockwin et al. (1984) gave evidence that the lens
nucleus showed a continuous increase in light scattering with ageing.
Measurements performed by Lerman (1984) showed that lens transmission in
the UV region (300-400nm) decreases rapidly with age from six months (80%
transmission) to approximately 25 years (10-20% transmission). After age 25,
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the transmittance up to approximately 400nm remained stable. This
supported a suggestion by Tan (1971) that there were two factors in the lens
density. Tan (1971) felt that one factor in the UV increased rapidly in the first
two decades while another factor with peak absorption in the visible region
increased gradually during life.
The outcome of the studies concerning the optical media has been to
give an average transmittance of the lens and macula for the visible region
which have been supported by several different experimental procedures
with good agreement. Figures 5(1.2) illustrate the average spectral lens and
macula densities of a young eye as reported byWyszecki and Stiles (1982).
4C0 500 600
Wavelength (nm)
700 400 500 600
Wavelength (nrn)
700
Figure 5(1.2) a) average spectral lens density and b) average spectral macula
density (Wyszecki and Stiles, 1982).
Another outcome of the studies was the consistent evidence that the lens
transmittance changes as a function of age and was the only media to do so.
Agreement as to the exact function representing that age relationship has not
been conclusively determined yet.
Coren and Girgus (1972) were concerned with the ability to sample all
age ranges effectively with living observers and with constructing
a
mathematical function relating relative density of the lens to age. They
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performed experiments using a D&H Color Rule for 265 normal observers
ranging in age from 8 to 79 years. Their results fitted a second order
polynomial for density as a function of age at 490nm.
Pokorny and Smith (1987) have reviewed many of the reports on the
age relationship and have also proposed a function with the lens
transmission. From a study of data obtained by Stiles (1959) and Moreland
(1978) they described the function in two parts: one which represented a
portion affected by aging after age 20 and another which represented what
they felt to be a stable portion after age 20. The stable portion was only
significant below 450nm. This stable portion was extended further into the
visible region than the data collected by Lerman (1984) suggested.
Another age relationship was derived from an investigation
performed by Nayatani et al., (1983). Nayatani used singular value
decomposition of
Stiles'
20 observers (10) from 20 to 60 years of age.
Stiles'
color matching data were transformed into a trichromatic system similar to
CIE XYZ system but retaining individual variation in the color matching
functions. The deviation color matching functions Axp(X) for each observer
(p) were derived from subtracting the average color matching functions
(xp(X)) from the individual color matching functions (xq(X)). All wavelengths
were used for this analysis.
Axp(X) = ip(W - xq(K) Eq. 1(1.2)
The contribution factors of the first three components were 56.4%,
17.2%, and 10.4% (Nayatani, 1983). The first deviate function was found to
correlate to the lens function from a physiological study of variability in
Stiles'
(1959) color matching functions performed by Nayatani, et al, (1988).
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Nayatani et al. (1988) also found that the second factor correlated with the
macula.
The CIE standard deviate observer (1989) used the first deviate function
to relate the lens density to age and used this relationship to determine the
individual variations in color matching functions among color normal
observers. The CIE proposed that the standard deviate observer could be used
to show the degree of color mismatch according to the observer's age. This
dependence is shown by
L(N) = 0.064
*
N - 2.31 Eq. 2(1.2)
This equation is only effective for ages 20 to 60 years since the evaluation was
only performed for this range. It is interesting to note from the equation that
the standard observer is 36 years old. Since the CIE standard deviate observer
utilized color matching functions as part of its relationship, this method was
tested in the current investigation.
1.3 CONE RESPONSrVTTTES
Another important aspect of the response of the visual system to color
that is significant in the model used in this study was the investigation into
the relative spectral sensitivities of the cones (also referred to as the cone
action spectra). Cones are the photoreceptors in the eye that respond
selectively to color stimuli.
Fundamental spectral sensitivities of the Konig type have been
investigated by Vos (1978) and Walraven (1974) and by Smith and Pokorny
(1975). The first part of the theory behind the Konig fundamentals is that
according to
trichromatic theory, color matching functions correspond to the
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actual spectral sensitivities of the three distinct response systems in the
normal trichromat. Second, for dichromats there are only two of the three
spectral sensitivities that were present for the trichromat and that the two
have the same spectral sensitivities as those of the latter (Wyszecki and Stiles,
1982). The transformation from color matching function data to cone
sensitivities is based on the location of the copunctal points. Copunctal
points of dichromats are the points at which the lines of confusion meet on a
chromaticity diagram.
The relationship between a set of color matching functions
for a
normal observer, such as the CIE 1931 standard observer (x(^), y(X), and z(X)),






z(X) J Eq. 1(1.3)
where the 3x3 matrix F={fjj} has a nonzero determinant (Wyszecki and Stiles,
1982). For a protanope (missing red sensitivity), there are only two
color
matching functions (P^X)
and P2(^)). The color matching functions of the
protanope are a linear relationship of the
normal observer color matching
functions according to the Konig theory.
P,(X) = vnx(X) + p12yfl.) + p13z(?0 Eq. 2(1.3)
P2(X) = p21x(>.) + p22y(X) + pnz(X) Eq 3(1 3)
By substitution,
these can be related to the relative spectral sensitivities.
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PA) = (PnfU + Pl2f21 + Pl3f3l)L(^) Eq. 4(13)
P2(^) = (P21f11 + P22f21 + P23f3l)L(^) q. 5(1.3)
The terms are similar for the deuteranope, D, using M(X) and for the
tritanope, T, using S(X). For the Konig theory, the protanope lacks the L(X)
and therefore the sum of the coefficients must be zero.
0 = PnIn"r'Pi2I2i"r'Pi3I3i Eq. 6(1.3)
"
=
P21M1 + P22I2l"'~P23r31 Eq. 7(1.3)
The copunctal points for a protanope are defined by these two equations plus
the equation
1 = Xp + Yp + Zp Eq. 8(1.3)
when fn =KpXp, f2l=KpYp and f3i=KpZp where Kp is a constant factor
(Wyszecki and Stiles, 1982).
The copunctal points are measured by matching through luminance
adjustments. The luminance efficiency function V(X) is equivalent to y(X)
and therefore a function of the cone sensitivity curves
V(K) = y(X) = (KpGp)L(^) + (KdGd)M(X) + (KtGt)S(X) Eq 9Q 3)
For the protanope, however, this corresponds to
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= (LpiPn + LpiPaJKdXd + (LPiPi2 + Lp2P22)KdYd + (LpiPi3 + Lp2P23)KdZd Eq. 11(1 3)
4* = (LpiPn +Lp^aJK^ + (LplPl2+ LpjPjjJK.Y, + (LplPl3 +L^p^KZ,
Eq 12Q 3)
Given that the primary stimuli for matching are monochromatic and
have the color matching function values for the protanope of P^(^i)=l,
P2(A,2)=0, Pj(A.2)=0 and P2(^2)=T men me si* transformation coefficients {pij}
can be solved by six simultaneous equations (Wyszecki and Stiles, 1982).
l = x(Xi)pn + y(A,i)pi2 + z(X.i)pi3 Eq. 13(1.3)
0 = X(X,2)Pll+y(^2)Pl2+z(X2)Pl3 Eq. 14(13)
0 = Xppii + Yppi2 + ZpPi3 Eq. 15(1.3)
0 = x(^i)p2i + y(Xi)p22+z(Xi)p23 Eq. 16(13)
1 = x(?i2)p2i + y(X2)p22 + z(>.2)p23 Eq. 17(13)
0 = Xpp2i + Ypp^ + Zpp23 Eq 18(1.3)
The determination for the deuteranope (green sensitivity deficient)
and tritanope (blue sensitivity deficient) is similar
which completes the
determination of the matrix F to give
x(xy KpXp KdXd KJL. 'L(^)
yft)
= KpYp KdYd K.Y, M(X)
z(X)_ .KpZp KdZd KZt S(X) Eq. 19(1.3)
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The confusion points are not collinear in order for
Konig'
s hypothesis to be




ZP zd z, Eq. 20(1.3)
and multiplication of the inverse to both sides allows the spectral cone
sensitivities to be related to the color matching functions
























Kp, Kd, and Kt are constants that allow for the spectral cone sensitivities to be
normalized to have a maximum value of unity. Therefore, Kp, Kd, and Kt
have values that make this normalization true (Wyszecki and Stiles, 1982).
The c is the determinant for the inverse matrix. From these equations it is
apparent that two dichromats are needed to determine one cone sensitivity.
Vos (1978) and Walraven (1974) and Smith and Pokorny (1975) used
Judd's (1951) modified CIE 1931 standard observer. Vos and Walraven used
the model for luminance given above. However, Smith and Pokorny (1975)
proposed that the luminance efficiency function was a function of the red and
green cone response and that the blue cone response made no significant
contribution. Although this difference in constraints on the functions
yielded slightly different copunctal locations, the resultant cone action spectra
were still very similar (Wyszecki and Stiles, 1982).
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Other models based on color matching experiments performed at
moderate and high levels of retinal luminance (Wyszecki and Stiles, 1980)
and experimentally determined field sensitivities (Stiles, 1959b) also obtained
similar action spectra to those above. Spectral absorption characteristics of
individual cones of several humans were measured by
microspectrophotometry by Bowmaker and Dartnall (1980). The general
shape of these curves was consistent with derived sensitivities (Wyszecki and
Stiles, 1982). The cone action spectra by Smith and Pokorny (1975) are
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From the theory of color matching and the results of the optical media
studies and the cone responsivity derivations, Fairchild (1989) developed a
new method for determining color matching functions. The definition of
color matching states that the two stimuli in question have produced equal
quantal absorption and therefore excitation in each of the three types of cone
receptors. Therefore, color matching functions should be related to the
spectral sensitivity functions of the three cone receptors. With information
on the copunctal points of dichromats, the cone action spectra can be derived
from color matching data. By ignoring preretinal absorptions, color matching
functions can be determined from linear transformations of the cone action
spectra.
Since different methods of determining the cone action spectra have
produced similar results, Fairchild (1989) assumed that cone action spectra
such as those of Smith and Pokorny (1975) are accurate representations of the
spectral sensitivities of the cone receptors. Color matching functions could be
derived through use of the model from just three color matches as expressed
in Equations 1-3(1.4)
R(X) = (k3lS(X) + k4rMtt) + ksrLCt)) Eq. 1(1.4)
G(X) = (k3gS(W + k4gMtt) + k5gLtt)) Eq, 2(i.4)
B(Jt) = (k3bSa) + k4bM(>.) + k5bLtt)) Eq. 3(1.4)
where S(X), M(X), and UX) represent the
cone action spectra for the short-,
middle-, and
long-wavelength sensitive cones respectively and R(X), G(X),
and B(X) are color matching functions ignoring
preretinal absorption. The
coefficients k3r,W . . .,k5b are parameters that define the
linear transform to
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color matching functions and would be different for different primaries and
observers.
The color vision of normal observers varies significantly due to
differences in the preretinal absorption of various wavelengths. Most of the
inter-observer variation in color matching functions is due to differences in
the transmittances of the lens and macula between observers. The
transmittances of the lens and macular pigment must be taken into account
when calculating the color matching functions. Although it is impractical to
measure and compute the transmittances of the lens and macula for each
observer, certain properties make it possible for a model to account for
individual preretinal absorption. This reduces the number of matches
required to formulate color matching functions.
Several assumptions made by Fairchild (1989) allow for the addition of
two model parameters that account for the transmittances, as well as the
inter-observer variation, of the lens and macula. These assumptions are: 1)
the chemical substances in the lens and macula are constant among
observers, 2) the variation in the transmittance of the macula results from a
variation in the concentration or thickness of the substances responsible for
absorption, and 3) the reduction of flux in the lens behaves in a fashion
similar to the macula.
With these assumptions the Beer-Bouguer law can be used for the
prediction of the actual spectral transmittances of the lens and macula in
individual observers. Thus the prediction of the lens and macular








where the transmittance of the lens and macula, T(X), are expressed in terms
of their spectral absorptivities, a(^.), and parameters, ki and k2, the magnitude
of which vary with thickness or concentration.
The new model is a combination of Equations 1-5(1.4). This results in
color matching functions based on the product of a linear transformation of


















^^'"(kagSO.) + k4gMtt) + k5gLtt))
Eq 10(1 4)
B'tt) = 10
" "'W'lO- ' k2baMl"(k3bS(X) + k4bMtt) + ksl)Ltt)) Eq. 11(1.4)
where R'(A,), G'(X), and B'(X) are the measured color matching functions, a^(X)
and aM(A.) are the Beer-Bouguer law
spectral absorption coefficients for the
lens and macula respectively, S(X), M(X), and UX) are the Smith and Pokorny
cone action spectra for the short-, middle-, and
long-wavelength sensitive
cones, and the k's are the experimentally
determined coefficients that vary
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from observer to observer. A minimum of five color matches for different
wavelengths is required to compute the five variables in each equation.
Equations 9-11(1.4) agree with the results of Nayatani, et al. (1988).
They expressed the result of lens and macula transmittance as
bflW hfX) = 1 fl
" kt<Di<*> " 0,(444.4 + k2(D2(X) - D2(444. 4)) + e(X)
vkk)/v\.k) iu
Eq. 12(1.4)
where b(?i)/B(^) is the ratio of the color matching function of the observer to
that of the average observer, ki and k2 are coefficients, D\(X), D2(X) are the
optical densities of the lens and macular respectively and Dj (444.4), D2(444.4)
are the values of the optical densities of the D\(X), D2(X) at 444.4nm. The
coefficient e(A,) is the residual error. Similar equations were also found for
r(X)/r(X) and g(X)/g(X). By multiplying Nayatani's equation by the color
matching function of the average observer, the equation is identical to
Equation 11(1.4) down to a scaling factor. The same can also be done with the
equation for r(X)/r(X) and g(X)/g(X) to match Equations 9(1.4) and 10(1.4). The
factors of Di (444.4), D2(444.4) and e(X) can be ignored in the Fairchild model
because these constant multiplicative factors will be integrated into the other
coefficients of the equations.
Several methods can be used to check the validity of the model.
Provided only monochromatic primaries are used,
one of these methods is to
check the zero crossings of the color matching functions. Two of the three
color matching functions must cross zero
at the wavelength of the primary of
the third color matching function. For example,
if the red primary is located
at 633nm, then the G'(X) and B'(X) color matching function should cross zero
at 633nm.
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Another method is to fit the results of a color matching experiment for
which the rest of the color matching data are also available. The model
performed well in both tests (Fairchild, 1989).
From this model, an experiment was designed to collect new color
matching function data on single and multiple observers.
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2. EXPERIMENTAL
A priority for this experiment was to design an instrument and
matching method that would minimize the strain on observers and produce
results comparable to results from conventional methods of collecting color
matching function data. An instrument utilizing laser primaries was first
developed. Improvements to the instrument replaced the lasers with a CRT.
Accurate calibration of the CRT and filter system was required to obtain
results that would correlate well with results from a standard instrument
such as the National Research Council of Canada Trichromator.
The method by which the observers made a match was designed to be
easy for the observers to learn without requiring
a complicated calibration
and normalization scheme. The regression technique used to implement the
MCSL model for determining color matching functions was tested using
standard data. It was also developed to constrain some of the parameters of
the model in order to obtain logical and significant model results.
2.1 VISUAL COLORIMETERWITH LASER PRIMARIES
An instrument was developed by Fairchild (1989) to implement the
MCSL model. Improvements for the visual colorimeter were investigated as
an undergraduate project by the author. The visual colorimeter was
based on
Maxwell matching rather
than maximum-saturation matching. The
instrument utilized helium-neon and argon-ion lasers as the sources
of the
three primary stimuli,
acousto-optic modulators to control their intensity, a
tungsten-halogen lamp with interference filters
to provide narrow-band
stimuli, and mouse-driven
computer control of the mixing field for the
observer. The primaries and filtered source were
mixed in a PTFE
(polytetrafluoroethylene) integrating sphere that the
observer could view
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through a port. Matches were made by the Maxwell matching method by
adjusting the primaries to match the surrounding gray mat light booth
illuminated by daylight.
Three problems arose with this system. The first was that chromatic
aberrations were very pronounced causing a green fringe that appeared
between the mixing field and the achromatic surround. These were believed
to be caused by the extremely narrow spectra of the laser primaries combined
with the chromatic aberrations in the eye. The green fringing could be partly
overcome by incorporating a black division between the mixing field and
surround. However, the fringes were very annoying for making critical
matches.
The second problem was concerned with stability in the viewing field.
Although the lasers had a feedback system, there was still a luminance flicker
in the viewing field. These problems resulted in the
lasers being replaced by a
CRT. This also solved a third problem regarding laser safety. Current
regulations would require anyone in the room when the lasers were on to
wear safety goggles. This would
make it impossible to measure color
matching functions.
2.2 VISUAL COLORIMETERWITH CRT PRIMARIES
A new setup needed to be
designed to mix the CRT output with the
filtered wavelengths and still maintain a relatively free viewing
field. The
setup that was used
is shown in Figure 1(2.2). The observer looked through a
port in the back of a tight booth to the face of the CRT. A
glass plate angled at
approximately
45
was situated between the port and the CRT to mix the
tungsten light filtered by interference filters with the
CRT primaries. The
matching field is a
diffuse tungsten-halogen source filtered to approximate
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daylight reflected from a mirror through the same port. Observers view a
2
circular port made into a bipartite field by the reflecting mirror (The viewing
port for the CRT setup is shown in Figure l(2.2)b.) The top half was the
daylight matching field and the bottom half was the CRT and filter mixing
field.
Figure 1(2.2) Schematic setup of MCSL
Colorimeter, a) shows the setup and b)
shows the observer viewing field.
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The CRT was slightly tilted such that raster scan lines are less apparent. A
light pipe box was placed in front of the diffuser to improve uniformity of the
filtered light reflected from the glass plate.
The observer had relatively free viewing with binocular vision and a
chin rest. The mirror, which was angled at
45
relative to the faceplate of the
CRT, enabled the observer to adjust the chin rest to the proper height. The
chin rest was positioned to be level during observations, not tilted to one side.
In order to align the chin rest for observations, the observer moved the chin
rest up and down until the horizontal line in the bipartite field appeared
level as shown in Figure 2(2.2). It did not always appear to be exactly in the
center but the dividing line was level as shown in Figure 2(2.2) where it is
"correct". The light booth was illuminated with simulated D65 at a
luminance level (80 cd/m2) such that the matching field appears gray rather










Figure 2(2.2) Adjusting the chin rest. The dividing line in the
bipartite field
caused by the mirror edge appears tilted
when the chin rest is too high




The CRT used was a Tektronix 650HR-C Monitor and was
characterized
using an
LMT C-1200 colormeter. The monitor is controlled by an IBM
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PC-XT286 computer with a Number 9 Revolution 32-bit graphics display
controller. The monitor was preset to have a white point of approximately
Illuminant E (x=.33, and y=.33). The monitor was also setup for NTSC non
interlaced 512x242 resolution. This setup eliminated perceptible flicker. The
CRT was characterized using the method of Berns and Motta (1988) in which
a nonlinear function is used to characterize the relationship between digital








(k0B + k1B (dc / 255))Yb Eq 3(2 2 1}
R , G and B are the luminances, dc is the input digital countnorm'
norm norm
r
values (in this case 8-bit integer values), and kQ(R G B) /k1(R G B), and Y(r,g,B)
are the variable coefficients. The values for the calibration are given in the
Table 1(2.2.1). The 3x3 matrix for transformation between RGB and XYZ was
determined from the maximum RGB output and is shown in
Equation 4(2.2.1) with its inverse in Equation 5(2.2.1).














starting values kl=-0.2, k2=1.2,
gamma=2.3
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X 55.93 37.95 19.2
Y = 28.84 78.50 7.9 G




G = -0.0087 0.0169 0.0003 Y
B 0.0007 -0.0020 0.0097 Z
Eq. 5(2.2.1)
2.2.2 Filter and System Calibration
Interference filters with peak wavelengths of 420, 440, 460, 480, 520, 570
and 590nm were used. Each filter had a lOnm bandwidth at half height. Most
of the filters have wavelengths sampling the region of the B'(X) color
matching function peak. This was necessary to fit the variation due to the
lens and macula which is greatest in this region.
The radiance through the interference filters and the entire system
(through the glass and reflected from the mirror) was measured using a Photo
Research PR703A spectroradiometer. The spectroradiometer utilizes a
Pritchard aperture suitable for measuring radiance of the small port. The
spectroradiometer was aligned at the chin rest. Radiance measurements
through the filters going through the system are given in Table 2.1. The
maximum luminance of the CRT was approximately 135
cd/m2
and the
luminance of the light booth was 80 cd/m2-
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Table 1(2.2.2) Radiance values of the filters through the system








The radiance measurements through the filters were used to
normalize the raw color matching function data to equal energy for each
wavelength. Normalizing the data is necessary to examine all of the data on
the same energy scale. Equal energy normalization embodies the
color
matching properties of the observer. The
normalization is a simple
procedure. Any color, C, can be represented by a trichromatic equation of the
type
C = RR + Ga + BB Eq. 1(2.2.2)
where Si, &, & are the primaries and R, G, B are the amounts of each
primary needed to
match to the color C. R, G, B are also known as tristimulus
values. Maxwell matching allows for
additive matching to a white reference,
W.
W = RWR + Gw<* + BWB Eq. 2(2.2.2)
In order to derive the matches to be made at each wavelength,
filters were
added to the primaries giving
W = RmR + GmG + BMB + ^Filter Eq. 3(2.2.2)
45
where RM, G^ and BM are matches to white with the filter, ^-Filter- Since the
matches are being made to the same white reference, the match of the three
primaries to the white reference is equivalent to the match of the three
primaries and the filter to the white reference.
RwR + GwG + BwBsRMR + GmG + BuB + Xmter Eq. 4(2.2.2)
By subtracting the match of the three primaries with the filter from the match
of the primaries without the filter, the match to a given wavelength can be
determined.
^Futer = (Rw - Rm)R + (Gw - GM)G + (Bw - BM)B Eq. 5(2.2.2)
The tristimulus values for each wavelength are determined by computing the
difference between the match made to the white with the CRT primaries
alone and the match made to white with the CRT primaries and the filter.
Rxiter = (Rw
- Rm)R Eq. 6(2.2.2)
The values are normalized to equal energy by dividing through by the
radiance, L, of each filter.
Rw = ^-/L*, Eq. 7(2.2.2)
The procedure is similar for calculating G and
B.
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2.2.3 Observer Matching Method
Observers were required to adjust the match of the color in a three-
space system. A method for adjusting the primaries in CIELAB space was
tested. However, it was found that a more complicated scheme for calibration
and normalization would have been required. Adjustments using a
lightness-chroma or luminance-chromaticity method were confounded when
the extra filter wavelengths were mixed with the CRT. The lightness or
luminance functions therefore were no longer independent of changes in
chroma or chromaticity. Adjusting the red, green and blue intensities of the
CRT was found to be the easiest method for observers. The red, green and
blue intensity method was not confounded by the addition of the filter.
The complete instructions given to the observer are given in
Appendix A. Briefly, the observer was asked to make a match using the
mouse such that the top half and bottom half appeared the same. If the
observer could imagine that the center line splitting the field was not there
then the two halves should be indistinguishable. Observers were tested for
normal color vision using Dvorine Pseudo-Isochromatic
plates. The average
time for observations was 30 minutes.
The starting position of the
lower part of the field was arbitrarily set to
have relative tristimulus values of R, G, B = 0.2 (maximum=l) for the CRT
regardless of the filter being used. The initial field appeared as a dark grey to
the observer when no filter was included. Even with the filters, the lower
half of the field was visually far from matching
the upper half. This insured
that the positions of the controls for a match could not be learned by the
observers.
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2.2.4 Nonlinear Model Fitting
The author's color matching functions (ADN NRC) for the left eye
were collected on the NRC Trichromator for Maxwell matching to a daylight
reference field with a
2
viewing field. The data collection time was one week
for a total of 5 repeats at wavenumbers from 14000 to 25000 at 250A intervals.
Since the data were collected over a week's period of time, precaution was
taken in data collection to assure that observer variability and poor matches
would be reduced to a minimum. Therefore, the five repeats for a single
wavenumber were made consecutively. Data were collected in the order of
14000 to 25000 at 500A intervals and then from 24750 to 14250 at 500A
intervals. Each set was plotted logarithmically soon after collection to inspect
for poor or stray matches.
LaGrange interpolation was used to convert the color matching
functions from equal wavenumber intervals to equal wavelength intervals.
These color matching functions were used to test the model for reproducing
the color matching functions for a single observer using the wavelengths
incorporated in the MCSL colorimeter. Figure 1(3.1.2) in section 3. Results




standard observer, and ADN NRC data sets using 31 points and the 7 points
used in the MCSL visual colorimeter. The model performed well for both the
31 point sets and the 7 point sets.
The lens and macula were found to be strong factors in the modeling
largely because of the sampling of the
wavelengths in the region these
variables had the greatest impact. Without constraining the coefficients,
regression could determine the lens density function to be nearly the entire
response of the B'(X) color matching function when the
response is actually
due to the cone action spectra and the lens acts as a filter. This can also lead to
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an unusually large B'(A,) function that has a B'(A.) peak that deviates from the
true values. The regression technique would also use the lens and macula
functions to model random error in the R'(X) and G'(X) color matching
functions if the coefficients were not constrained. The upper and lower limit
of the lens and macula for all three color matching functions were therefore
constrained (bounded). A lower limit bound was also imposed on the short-
wavelength cone responsivity variable for the B'(X) color matching function
in order to further buffer the strength of the lens density factor in the model.
The statistical package VMS SAS version 6 was used to perform the
modeling of the data. The NLIN procedure provides the ability to bound
coefficients. It requires that starting values be supplied by the user. Data sets





and ADN NRC were used to determine the starting values and the bounds.
Each set was transformed into the CRT monitor's RGB primaries via 3x3
matrix and scaled relative to the author's data collected from the MCSL visual
colorimeter. (See Appendix B for more details on scaling the values relative
to the MCSL data). The initial starting values were set to the coefficients
yielded by the ADN NRC model fit because these values corresponded to
a
single observer's data rather than an averaged and smoothed data set. The
CIE
2
standard observer coefficients were used as initial values to check
model fits.
Stiles' 2
mean observer coefficients were very similar to the CIE
2







observer and ADN NRC are given in Table 1(3.1.2)
in section 3. Results and Discussion. Note that these coefficients are only
valid for the primary system used by the MCSL
visual colorimeter. Other
primaries would yield different coefficients.
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A possible method for determining bounds for the coefficients would
be to use a factor of the standard errors for the coefficients of the data sets
above. However, since the models required five matches to determine the
coefficients, there were only two degrees of freedom left to the models. This
often resulted in large standard errors on the coefficients. Therefore, the
largest interval of the 95% confidence intervals for the coefficients from the
three above sets of data were used to limit the coefficients. This gave the least
restriction on the coefficients to be bounded. The bounds are given in section
3. Results and Discussion.
The determination of model fits was based on a least squares
estimation. The convergence criterion was based on the following percentage
computation:
[Loss(i-l) - Loss(i)] / [Loss(i) +10"6] < c Eq. 1(2.2.4)
where Loss(i) is the sum of squared errors of the ith value and c is a
convergence factor (default = 10"8). The convergence factors were set to the
smallest value (up to the default) which would meet the criterion to regress.
The convergence factor was always <= 0.1 and was often <= 0.01. Models
using 7 points with F-values equal to or greater than 4.12 were statistically
significant for 95% confidence. Models using 7 points had an F-value
criterion of 4.14 for 99% confidence. The F-value criterion for the models
using 31 points was 2.98 at 95%
confidence and 4.14 at 99% confidence.
The models were then used to determine the color matching functions
for each observation. Analysis of model coefficients and color matching
functions derived from the models were performed on a single observer who
performed 20 repeats and for 18 multiple observers with no repeats. The
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variability of the single and
multiple observers was compared to the CIE
standard deviate observer. Two anomalous observers were also tested and
analyzed.
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3. RESULTS AND DISCUSSION
Individual observer data was collected on the NRC Trichromator in
order to test the MCSL model. Model tests using the individual data as well
as
Stiles' 2
mean data and the CIE
2
standard observer showed that the
model performed well. Interpretation of the model coefficients gave insight
to the model performance on a physiological basis. The instrument was
determined to produce results that correlated well with the individual results
obtained on the NRC Trichromator. The precision of the instrument was
also found to measure color matching functions which were statistically
significant for naive observers.
Model fits and coefficients for the single observer for 20 repetitions and
the multiple observers were analyzed. Although a physiological
interpretation could be applied to some of the coefficients, no correlation
between the coefficients and age was determined. The significance of the
models for the multiple observers was investigated on an individual basis
and by comparison with the raw measurements. Individual models were
also compared with the CIE
2
standard observer.
Once the model, instrument and individual results were analyzed, the
results for the single observer variability and multiple observer variability
were examined. The observer variability results were compared to the CIE
standard deviate observer. The CIE standard deviate observer showed
variability results
similar to that of the single observer and much less than
that of the multiple observer.
An analysis of two anomalous observers was also performed to





3.1.1 Individual Observer Data Collected on NRC Trichromator
Figure 1(3.1.1) shows that the author's color matching functions
collected at NRC are very similar to Stiles mean
2
observer and the CIE
2
observer. Figure 2(3.1.1) show the one standard deviation bounds (for five
repeats) for each color matching function. The coefficients of variation
(standard deviations /mean) relating to the peak wavelengths of each of the
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mean observer (diamonds), CIE
2
standard observer (-)
and ADN NRC (-). Data shown in MCSL visual colorimeter primaries











































Figures 2(3.1.1) Color matching functionmean
+/- standard deviations for ADN
NRC. a) R(W, b)G(W, and c)B(W
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These data were used to test the model for individual observer data and as a
"diagnostic
standard"
between the NRC Trichromator and the MCSL visual
colorimeter.
3.1.2 Modeling Standard Data and Individual Observer NRC Data
The model was tested using three sets of data collected by conventional
methods: Stiles
2
mean observer (Stiles), CIE standard
2
observer (CIE), and
ADN NRC (data collected on author at the National Research Council of
Canada). The models were fit using all 31 points (400 to 700 nm at lOnm
intervals) and using the 7 points corresponding to the wavelengths of the
interference filters in the MCSL visual colorimeter. The coefficients for the
models are shown in Table 1(3.1.2) where R'(X), G'(X), and B'(X) correspond to
the red, green and blue color matching functions and (31) and (7) correspond
to data used for modeling. Table 2(3.1.2) gives the asymptotic 95% confidence
intervals for the models fit with 31 points.
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Table 1(3.1.2) Standard Data Coefficients
CIE (31) Stiles (31) ADN NRC (31) CIE (7) Stiles (7) ADN NRC (7)
*R'(X) lens -0.31 -0.37 -0.08 -0.46 -0.19 0.10
R'(X) macula 0.12 0.27 -0.38 0.20 0.21 -0.61
R'(X) short 98.94 94.30 172.74 102.62 87.91 168.36
R'(X) middle -50.67 -51.49 -49.54 -51.82 -50.39 -47.67
R'(X) long 31.76 32.10 31.18 32.41 31.39 30.29
G'(X) lens -0.39 -0.03 0.19 -0.62 -0.09 0.31
G'(X) macula 0.11 0.29 -0.37 0.24 0.36 -0.45
G'(X) short -141.95 -98.88 -49.44 -149.11 -99.02 -57.05
G'(X) middle ( 30.89 26.93 24.91 32.68 27.22 24.02
G'(X) long -5.93 -4.97 -3.40 -6.58 -4.99 -3.11
B'(X) lens -0.40 0.06 0.18 -0.46 0.02 0.47
B'(A.) macula 0.69 0.66 -0.35 0.73 0.48 0.12
B'ft) short 511.24 414.02 947.75 506.30 505.98 490.33
B'(X) middle -2.55 -2.59 -4.00 -3.06 -3.64 -0.81
B'(X) long -0.94 0.09 1.87 0.19 0.55 0.42
"Coefficients correspond to lens density, macula density, short-, middle-, and long-wavelength
cone sensitivities. Lens and macula coefficients are unrestrained for positive and negative
values because the cone action spectra incorporates average lens and macula densities.
Table 2(3.1.2) 95% Asymptotic Confidence Intervals for models using 31
CIE Stiles ADN NRC
R'(X) lens -.40 -.22 -.47 -.26 -.33 .17
R'(X) macula .06 .17 .21 .33 -.62 -.14
R'(X) short 94.15 103.73 89.31 99.29
j
140.55 204.93
R'(X) middle -51.09 -50.24 -52.00 -50.99 -50.97 -48.10




G'(X) lens -.50 -.27 .-18 .10 -.10 .48
G'(X,) macula .06 .16 .23 .34
-.47 -.26
G'(X) short -149.97 -133.92 -105.98 -91.78 -60.65
-38.23
G'(X) middle 30.11 31.66 26.08
27.77 23.35 26.48
GU) long -6.18 -5.68
-5.27 -4.68 -3.85 -2.95
B'(X) lens -.53 .27 -.08
.20 -.01 .38
B'(X) macula .46 .91 .38
.95 -.81 .10
B'(X) short 368.39 654.09 268.93
559.10 429.36 1466.14
B'(X) middle -3.83 -1.27
-4.07 -1.11 -6.41 -1.58
B'(X) long -.68 .61
-.67 .86 .65 3.10
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The model coefficients using 31 points and those using 7 points are
consistent with one another for a given data set. Most of the values for the
coefficients from the model using 7 points are within or very nearly within
the 95% confidence limits of each respective model using 31 points. The





observer. The model coefficients also reflect the variation
between a mean set of observers (Stiles and CIE) and an individual observer
(ADN NRC) as was shown in Figure 1(3.1.1).
Figure 1(3.1.2) shows the modeled data for 31 and 7 points compared to




























Figure 1(3.1.2) a) Stiles
2
mean observer, b) CIE
2
standard observer, c) ADN
NRC. Raw data (points), 31 point model data (line), 7 point model
data ().
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Table 3(3.1.2) gives the computed F-values for the models for the CIE
standard observer, Stiles mean observer and ADN NRC. The F-value
Table 3(3.1.2) F-values for standard data
















criterion for those modeled using 31 points at 95% confidence is
F(4,26,.95) = 2.98 and for those modeled using 7 points at 95% is
F(4,7,.95) =4.12. The results show that the model fits are significant.
Table 4(3.1.2) shows the combined largest 95% confidence intervals for
all three sets. These values were used as the bounds imposed on the
coefficients for modeling most of the
observers. It was desirable to only
bound a few of the coefficients: lens and macula coefficients for R'(X) and
G'(X), upper limit bound on B'(X) lens and B'(X) macula, and
lower limit
bound on B'(X) short. The bounds were found necessary for this
nonlinear
procedure due to the overlap of the
short- and middle-wavelength
sensitivities with the lens and macula densities.
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Table 4(3.1.2) Group 95% confidence intervals
LOW HIGH
R'tt) lens -0.47 0.18
R'(X) macula -0.62 0.33
R'a) short 89 205
R'tt.) middle -52 -48
R'tt.) long 30 32
G'tt) lens -0.51 0.48
G'tt) macula -0.47 0.34
G'tt) short -150 -38
G'tt.) middle 23 32
G'tt.) long -6.2 -2.9
G'tt.) lens -0.53 0.38
G'tt) macula -0.81 0.95
G'tt) short 268 1466
G'tt) middle -6.4 -1.1
G'tt.) long -0.7 0.86
3.1.3 Physiological Analysis of Model Coefficients
The lens and macula densities are artifacts of the entire color matching
function system and not specific for any one color matching function
(although the B'tt) color matching function is more sensitive to changes in
density of the lens and macula). Therefore, if the lens and macula coefficients
are truly representing the lens and macula density factors in the color
matching functions, then for each color matching function the lens and the
macula coefficients would be consistent for R'tt), G'tt) and B'tt) for a given
observer. This is demonstrated in the lens and macula coefficients for the CIE
standard observer in Table 1(3.1.2). Both R'tt.) and G'tt) color matching
function models have very similar lens coefficients and
macula coefficients.
The B'tt) color matching function has a similar lens coefficient but the
macula coefficient is rather different from those of R'tt) and G'tt). The
consistency of the lens coefficients in all R'tt.), G'tt) and B'tt) and the
macula
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coefficients for R'tt) and G'tt) gives support that these variables are capturing
physiological variables without large interference from random noise.
For the Stiles
2
mean observer data (consisting of 10 observers), only
the macula coefficients for R'tt) and G'tt) and lens coefficients for G'tt) and
B'(X) are similar. As for the single observer, ADN NRC, the macula
coefficients are consistent for all three and the lens coefficients are similar for
G'tt) and B'tt). The single observer data may be better for this analysis than
the
Stiles'
mean of 10 observers because the single observer does not
confound random noise with a variation in lens and macula densities. The
CIE standard data however, may incorporate enough averaging and
smoothing such that the data are better for this analysis than
Stiles'
data.
The models using 7 points to fit are a bit noisier when comparing
model coefficients (Table 1(3.1.2). Inspection of the CIE standard observer for
the 7 point model showed similar results to the 31 point model: the lens
coefficients are similar for R'tt), G'tt), and B'tt) and the macula coefficients
are similar for R'tt) and G'tt). Stiles mean data show a slight consistency for
the macula coefficient for R'tt.), G'tt), and B'tt). The ADN NRC coefficients
are only similar for the lens
for G'tt) and B'tt.). Because there are only 7
points used to fit the model, the single observer data are probably too
sensitive to observational error to hold for this model analysis well.
Unlike the lens and macula, the short-, middle-, and long-wavelength
cone sensitivities are more sensitive to the particular color matching function
being modeled. For example, the
short-wavelength cone sensitivity is more
sensitive for the B'tt) color matching function than for the G'tt)
color
matching
function. Likewise the long-wavelength cone coefficient has a
much smaller response in B'tt.) because the tristimulus values are
close to
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zero at the longer wavelengths. This can be seen by the small B'tt) long
coefficient.
3.2 INSTRUMENT TESTING
In addition to testing the model, the data collected for ADN at NRC
was also used as a diagnostic standard between the NRC Trichromator and
the MCSL visual colorimeter. Observer ADN had notably stronger spatial
vision with the left eye than the right eye and therefore, chose the left eye to
perform the color matching function measurements on the NRC
Trichromator since it is a monocular instrument. The design of the MCSL
visual colorimeter was intended for binocular vision. Figure 1(3.2) shows
that the observer data for ADN (both eyes) taken on the MCSL visual
colorimeter matches the ADN data measured on the NRC Trichromator.
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Figure 1(3.2) ADN NRC (points) and ADN both eyes on MCSL visual
colorimeter (solid). Both eye data matches standard data acquired at
NRC.
Figure 2(3.2) compares data collected for ADN using the left eye only on
the MCSL visual colorimeter and the ADN NRC data (left eye only).
Although the both eyes data match the NRC data, the left eye data only match
slightly better. The excellent
match between the left eye data from the MCSL
visual colorimeter and the NRC Trichromator demonstrate that the MCSL
visual colorimeter would obtain the same results under the same conditions.
Since there are slight discrepancies between the left eye data and both eyes
data, the right eye only was measured on the
MCSL visual colorimeter
(Figure 3(3.2)). The right eye data and NRC data closely correspond although
there are larger discrepancies in the blue region of the spectrum between
these two than for the left eye data with the NRC data shown in Figure 2(3.2).
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In fact, the discrepancies are very similar to those shown with both eyes data
in Figure 1(3.2). This may suggest that although observer ADN was spatially
dominant with the left eye, the observer may be color dominant with the
right eye. During experimentation, observer ADN noted that once a match
was made with both eyes, if the left eye only was used to examine the match it
would not appear to match exactly but if the right eye only was used to
examine the match, it would appear to match.
Figure 4(3.2) shows data collected from the MCSL visual colorimeter
comparing the right only, the left eye only, and both eyes. All of these results
are very similar and well within observer variability. Therefore, if there is a
color dominance with this observer, then the two eyes individually are
similar enough in their response that the dominance is not highly significant
for this observer. However, this discovery was quite interesting since the
observer's visual acuity is much better for the left eye than the right eye. The
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Figure 2(3.2) ADN NRC(points) and ADN left eye on MCSL visual colorimeter
(solid). Data correspond very well.
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Figure 4(3.2) Data collected on MCSL visual colorimeter for observer ADN left
eye ( ), right eye ( ) and both eyes (solid). All results are very
similar and well within observer variability.
The coefficients of variation (standard deviation /mean) for each match
(three repeats for each match) were computed and averaged (for eight
matches: seven to the filtered wavelengths and one to the CRT) for each
color matching function. The results for ADN for 20 repeat sessions
for both
eyes are shown in Table 1(3.2).
Table 1(3.2) Average coefficients of variation of














These coefficients for a single observer are very precise for color matching
experiments.
Thirty observers were tested on the MCSL visual colorimeter. Of these
a total of 18 color normal observers ranging in age from 20 to 40 years were
used for evaluation (11 male, 9 female). From the 30, eight observers were
not included in further analysis because they often set the primaries to a
maximum value that produced a matching field of much higher luminance
than the reference field and their data were very noisy. This was an indicator
that the observer was unclear about the purpose of this study and the
meaning of a match and not an indicator of extreme observer variability.
Four other observers were not used because the F-values for the model fits
did not meet the significance level and their raw and model data plots
showed poor fits. Approximately six of the 18 had experience in performing
color discrimination tasks. At least five of the 18 could be classified as entirely
naive observers for color matching. The remaining seven had low to
moderate experience. The ages of the observers used were 20, 22, 23, 26, 27, 29,
30, 32, 33, 34, and 40 years. The observers not used in further evaluation had
very little experience to no experience in this type of task. The ages of those
not used were 22, 24, 25, 27, 37, 38, 39, 40, 51, 52, 54, and 62 years. The mean
coefficients of variation for the raw data of the 18 observers are given in
Table 1(3.2). The lower precision reflects the experience level of the observers.
3.3 MODEL FITS AND COEFFICIENTS
3.3.2 Single Observer Data for 20 Repeats
Twenty normalized sets of data from the MCSL visual colorimeter for
the single observer using both eyes were modeled and the coefficients are
tabulated for mean, standard deviation, minimum and maximum in
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Table 1(3.3.1). The model coefficients for each observation are given in
Appendix C.
Table 1(3.3.1) Model Coefficients for ADN*
R'tt.) lens
mean std dev minimum maximum
0.17 0.03 0.10 0.24
R'tt) macula 0.04 0.11 -0.20 0.27
R'tt) short 56.67 25.12 -20.85 89.21
R'tt.) middle -46.31 1.67 -48.82 -42.88
R'tt) long 29.63 1.05 27.50 31.17
G'tt) lens 0.01 0.25 -0.89 0.17
G'tt) macula -0.26 0.00 -0.27 -0.26
G'tt.) short -57.50 19.94 -97.22 5.65
G'tt.) middle 25.52 2.65 23.86 32.88
G'tt) long -4.02 1.10 -7.16 -3.13
B'tt.) lens 0.32 0.06 0.18 0.38
B'tt) macula 0.63 0.31 -0.16 0.95
B'tt.) short 352.00 118.24 248.79 680.96
B'tt.) middle -0.13 1.34 -3.02 1.81
B'tt.) long 0.17 0.61 -1.03 1.49
*note: ADN used bounds for G'(k) macula from ADN NRC data because model would not
converge elsewise.
The coefficient for G'tt) macula has a small standard deviation because the
model often converged the coefficient to the bound limit. The mean lens
coefficient is similar for all three color matching functions considering the
standard deviations. There does not appear to be any consistency with the
mean macula coefficient. The average F-values for the model fits are given
in Table 2(3.3.1). These values are well above the 95% F-value significance
level of 4.12.
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3.3.2 MCSL Visual Colorimeter Multiple Observers
The mean, standard deviation, minimum and maximum model
coefficients for 18 observers are given in Table 1(3.3.2). Comparison of the
model coefficients with the Standard Data Coefficients in Table 1(3.1.2) shows
that the average multiple observer model coefficients are more similar to the
CIE
2
observer coefficients and Stiles mean
2
observer coefficients than to
the individual's coefficients of ADN NRC. As expected, the standard
deviations for the multiple observers are considerably larger than the model
coefficients for ADN (Table 1(3.3.1)).
The mean values of the single observer are within the range of the 18
observers. However, some of the single observer minimum and maximum
model coefficients exceed the range of the 18 observers. These coefficients are
minimum for R'tt) short and minimum for G'tt) lens (values below the
minimum) and maximum G'tt) short, maximum B'tt.) lens, and maximum
B'tt) middle (values greater than the maximum of the 18 observers). Except
for maximum B'tt) lens coefficient (which is very close to the 18 observer
range), the other model coefficients
which exceed the range corresponded to
coefficients that had low response for the color matching function it was
modeled with. These particular coefficients are most likely modeling some of
the random matching error
in the low response areas of the color matching
functions. The matching error must
still remain small in order to maintain a
model that is significant.
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Table 1(3.3.2) Model Coefficients for Multiple observers
R'tt.) lens
mean std dev minimum maximum
0.04 0.20 -0.38 0.21
R'tt) macula 0.11 0.22 -0.30 0.33
R'tt.) short 86.12 40.34 22.61 195.32
R'tt) middle -43.02 5.15 -50.44 -30.93
R'tt) long 27.73 3.63 17.77 32.52
G'tt.) lens -0.24 0.34 -0.61 0.48
G'tt) macula 0.13 0.30 -0.77 0.37
G'tt) short -93.31 54.54 -258.16 -35.79 |
G'tt.) middle 26.69 2.89 19.85 32.49
G'tt.) long -5.44 2.32 -9.40 -1.25
B'tt) lens -0.09 0.35 -0.61 0.38
B'tt) macula 0.61 0.32 -0.10 0.95
B'tt) short 390.15 139.38 268.00 813.68
B'tt) middle -1.59 1.73 -4.77 0.61
B'tt.) long -0.1933 2.3473 -4.6010 4.5265
The average F-values for the 18 observer model fits are not as strong as
those for the single observer for the R'tt) color matching function as shown
in Table 2(3.3.1). The poorer fits are largely explained by the lower precision
of the
observers'
raw data. The particular sampling of wavelengths used in
this experiment also affects the strength of the R'tt) models since very few
points correspond to strong R'tt) response. The fits of the R'tt) models
however are still significant.
3.3.3 Physiological Analysis of Model Coefficients for Multiple Observers
Inspection of the model coefficients for each observer did not find the
lens and macula coefficients to remain similar among all three color
matching functions.
There are similarities between pairs of the color
matching functions
for the lens coefficient. The coefficients for each observer
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are given in the Appendix D. Observers BGF(32), LAR(26), and PXH(32) show
similar coefficients for the lens between the R'tt) and B'tt) color matching
functions (ages given in parentheses). Observers JCW(33), MEG(32), SJC(40),
SMA(34), and YXL(34) show similar lens coefficients for G'tt.) and B'tt). It is
interesting to note that all but one of these observers is from the age group of
30 to 40 years. All of these similarities share the B'tt) color matching
function. Since the B'tt) color matching function is most sensitive to changes
of the lens and macula densities, these models for these observers appear to
be modeling the lens as a physiological parameter. There are also similarities
in macula coefficients for R'tt.) and G'tt) for observers SJC(40) and SMA(34).
3.3.4 No Correlation Between Model Coefficients and Age
The model coefficients were plotted as a function of age in
Figure 1(3.3.4) to determine if there were any trends
-
particularly with the
lens coefficient. The ADN mean observation for 20 repeats was included as
one of the observers with standard deviation bars around that observation.
The plots show no significant trends for any of the coefficients as a function of
age. The ADN mean observer variability is much smaller than observer
































































Figure l(3.3.4)a-c Model coefficients vs. age. Standard deviation bars surround
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Figure l(3.3.4)d-fModel coefficients vs. age. Standard deviation bars surround
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Figure l(3.3.4)g-i Model coefficients vs. age. Standard deviation bars surround
the coefficient for observer
ADN.'
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Figure l(3.3.4)j-l Model coefficients vs. age. Standard
deviation bars surround
the coefficient for observer ADN.
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Figure l(3.3.4)m-o Model coefficients vs. age. Standard deviation bars surround
the coefficient for observer ADN.
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The plots do show that the range of lens and macula coefficients for
each age group can be quite large. Looking for example to the B'tt) lens
coefficient vs. age plot, the ADN standard deviation bars are very small.
Within the early 20 year age group however, there is a large range on the
coefficients. This may indicate that the lens density (within an age group) can
be quite different between observers. The minimum and maximum lens
coefficients are given for observers with ages 20 and 34. The resultant range
of lens densities for these coefficients is shown in Figure 2(3.3.4). The average
lens density is also given.
Figure 2(3.3.4) Lens density range calculated from range of lens coefficients.
This range is similar to the
+/- 25% that Norren and Vos (1974) calculated as
the variation in ocular media for observers ages 17 to 30 years (discussed in
section 1.2).
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3.3.5 Comparison of Modeled Data with Raw Data
The raw data and the modeled functions were plotted for the 17
observers and the four observers who only had low F-values. Observer ADN
is the 18th observer. The raw data and modeled functions shown in
Figures l(3.3.5)a-u are not normalized to unit area. The plots support the
F-value criterion for model fit. Figures l(3.3.5)a-q correspond to the observer
models with significant fits. Figures l(3.3.5)r-u correspond to the observer
models with F-values below the criterion. Observer ages are given in
parentheses.
Most of the raw data are very close to the modeled data. A few models
have significant F-values but have one raw data point that appears to stray
from the model. The stray raw data point was found to be
within observer
uncertainty of the model.
Observers with poor F-values however show
several stray raw data points and inconsistency in the raw
























Figure l(3.3.5)a-b Raw data R'tt) (diamond), Gtt) (triangle) and B'tt) (dots)
and modeled data(lines) with significant
F-values. Observers a)AJH








































Figure l(3.3.5)c-d Raw data R'tt) (diamond), Gtt) (triangle) and B'tt) (dots)










































Figure l(3.3.5)e-f Raw data R'tt) (diamond), Gtt) (triangle) and B'tt) (dots)
and modeled data(lines) with significant F-values. Observers e)EAP














































Figure l(3.3.5)g-h Raw data R'tt) (diamond), Gtt) (triangle) and B'tt) (dots)
and modeled data(lines) with significant F-values. Observers g) JCW






































Figure l(3.3.5)i-j Raw data R'tt) (diamond), Gtt)
(triangle) and B'tt) (dots)
and modeled data(lines) with significant F-values. Observers i)JWP








































Figure l(3.3.5)k-l Raw data R'tt) (diamond), Gtt) (triangle) and B'tt) (dots)
and modeled data(lines) with significant F-values. Observers k) MDF


































Figure l(3.3.5)m-n Raw data R'tt) (diamond), Gtt) (triangle) and B'tt) (dots)
and modeled data(lines) with significant F-values. Observers m) MEG



























Figure l(3.3.5)o-p Raw data R'tt) (diamond), Gtt) (triangle)
and B'tt) (dots)
and modeled data(lines) with significant F-values. Observers o) SJC




















































Figure l(3.3.5)q-r Raw data R'tt) (diamond), Gtt) (triangle) and B'tt) (dots)
and modeled data(lines). Observer q) YXL (34) had significant F-value
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Figure l(3.3.5)s-t Raw data R'tt) (diamond), Gtt) (triangle) and B'tt) (dots)
and modeled data(lines) with F-values below the criterion. Observers




















Figure l(3.3.5)u Raw data R'tt) (diamond), Gtt) (triangle) and B'tt) (dots)
and modeled data(lines) with F-value below the criterion. Observer
u) KSM (25).
3.3.6 Comparison of Individual Modeled Functions with the CIE
2
Observer
Figures l(3.3.6)a-q show each of the observer's color matching
functions plotted with the CIE
2
standard observer. A few of the observers
(such as SMA and MDF) demonstrate color matching functions very similar
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observer (points) and MCSL observers (lines)
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observer (points) and MCSL observers (lines)


















































































observer (points) and MCSL observers (lines)


































observer (points) and MCSL observers (lines)
Observer q) YXL
3.4 OBSERVER METAMERISM USING MODELED COLOR MATCHING
FUNCTIONS
3.4.1 Single Observer Variability
The 20 color matching functions for a single observer measured using
both eyes are shown in Figure 1(3.4.1). The coefficients of variation (standard
deviation /mean) are roughly 5% in the wavelength region corresponding to
the peak of each of the color matching functions. These variation coefficients
are the same as that found for the corresponding ADN NRC data points for 5
repeats to make one data set. Therefore, for 20 repeats made over a month's
period of time, the variation is the same as that required to make one set of 5
repeats on the NRC Trichromator.
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Figure 1(3.4.1) Colormatching functions for single observer ADN for 20 repeats.
The R'(X) color matching function, which appears to deviate slightly
from the others, is plotted in Figure 2(3.4.1) with the raw data for that match.
The plot shows that the model fit is good and that the deviation in matching
occurs largely in the lower wavelength region. The normalization to unit
area however makes it appear as if the function deviates in the higher
wavelength region also.
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Figure 2(3.4.1) Raw and modeled data for R'tt) deviate function for single
observer (ADN).
The color matching functions were collected for the single observer
such that different temporal groupings of the data could be compared. For
example, four sets were measured in a single day in Figure 3(3.4. l)a while
Figure 3(3.4.1)b shows six sets collected in one week's time. Figures 3(3.4.1)a-d
show different combinations of the data sets according to the general times
the data were collected. These plots show that the variability within a given
day is as much as the variability over a week's time or even a month's
time.
The standard deviation around the mean as a function of wavelength for all





















Figures 3(3.4.1 )a-d Variability in color matching functions for single observer
for various collection times, a) four sets in one day, b) six sets in one
week (one per day), c) two sets in one day, and d) six sets in one month




























Figure 4(3.4.1 )a-c Color matching function standard deviation vs wavelength
of single observer (ADN) collected on MCSL visual colorimeter.
103
This standard deviation is similar to that of the ADN NRC data for five
repeats collected over a week's time as shown in Figure 2(3.1.1). The standard
deviations averaged over all wavelengths are given in Table 1(3.4.1). Like the
peak coefficients of variation, the standard deviations for the single observer
for 20 repeats are very similar to the standard deviations for the ADN NRC
data.
Table 1(3.4.1) Average standard deviations over all wavelengths for single
observer (20 observations), 18 observers and ADN NRC
Single observer 18 observers ADN NRC





It should be noted that there are no other sets of color matching
functions with 20 repeats for a single observer measured. In addition, these
are the only sets available with repeats within the same day and over a week's
time. Remember that the data measured on the NRC Trichromator was
collected over one week but the five repeats were made consecutively for each
wavelength.
3.4.2 Multiple Observer Variability
The color matching functions for all 18
observers (normalized to unit
area) are shown in Figure 1(3.4.2). There is considerably more variability with
the 18 multiple observers than with the single observer for 20 repeats as
demonstrated by the standard deviation plots
in Figure 2(3.4.2) for the 18
observers. The coefficients of variation (standard deviation /mean) in the
peak wavelength region of each color matching function are approximately
30% for R'(?l) and G'(X) and 60% for B'(X). With the exception
of differences
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due to normalization, this variability appears very similar to Stiles 49
observers shown in Figure 3(3.4.2). Stiles data for 49 observers is the only
other data set for which multiple observer variability in color matching
functions can be analyzed. Figure 4(3.4.2) shows that the mean data for the 18
observers, CIE
2
standard observer, and Stiles
2
mean observer are very
similar.
Figure 1(3.4.2) Color matching functions from the





























Figures 2(3.4.2)a-c Color matching function
mean
+/- standard deviations of
color matching functions
vs wavelength for 18 observers (MCSL visual
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Figure 4(3.4.2) Color matching functionmeans of 18 observers fromMCSL visual
colorimeter (line), Stiles
2
(circle), and CIE 1931 standard observer
(point).
The fact that the mean color matching function data is very similar to the
means of the CIE 1931 standard observer and Stiles
2
observer demonstrates
that the model and instrument produce results similar to the more rigorous
collection of color matching function data. In fact, the mean of the 18
observers and the CIE standard observer agree better than the mean results
between Guild and Wright.
Figure 5(3.4.2) demonstrates the effect of adding plus or minus one unit
standard deviation of the single observer's color matching functions to that of
two of the multiple observers. The two functions shown here were chosen
because one of them (SMA) was very similar to the CIE
2
standard deviate .
observer and the other (JCW) deviated significantly in the blue color
matching function. The two observers overlap
in the R'(X) and G'(X) color
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matching functions. The standard deviations are very small and show a
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Figure 5(3.4.2) Color matching functions of two observers
+/- ADN standard
deviations. Observers SMA and JCW (solid lines), plus/minus standard
deviations (dashed lines). Note that JCW has a much higher B'(k)
color matching function than SMA and that the standard deviations
around these observers is nearly indistinguishable.
Figures 6(3.4.2)a and b show the variability within each decade
represented. The plot for the 30 to 40 year olds, which consisted of 7 out of 9
observers, whose models demonstrate similar R'(X), G'(^), and B'(X) lens
coefficients, show variability similar to the entire set
of color matching









































Figure 6(3.4.2)a-b Age grouping of 18 observers over two decades. Top a) age
range of 20 to 29, bottom b) age range of 30 to 40.
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3.4.3 Comparison of Results with CIE Standard Deviate Observer
The CIE standard deviate observer (CIE, 1989) was designed to represent
the individual variations among color normal observers. The Standard
Deviate Observer was derived from singular value decomposition of Stiles 20
observers (10) from 20 to 60 years of age. The decomposition method gave
four sets of deviation functions. The first set of deviation functions in
conjunction with the CIE standard observer (1931 or 1964) is used to define
the color matching functions of the Standard Deviate Observer. The four
deviation functions combined are used to define the range of color mismatch.
For the purpose of this study, the color matching functions of the Standard
Deviate Observer and the estimated color matching functions of the observer
as a function of age was investigated.
As discussed in section 1.2, much of the variability among observers is
due to the eye-lens pigmentation which increases in density with age. The
CIE proposed that the standard deviate observer could be used to show the
degree of color mismatch according to the observers age. This dependence is
shown by
L(N) = 0.064
* N - 2.31
This equation is only effective for ages 20 to
60 years since the evaluation was
only performed for this
range. This method was used to compute the
proposed color matching functions for the
ages of the 18 observers used for
the MCSL visual colorimeter. The results are shown in Figure 1(3.4.3)
transformed into MCSL visual colorimeter primaries and normalized to unit
area.
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Figure 1(3.4.3) Standard deviate observer calculations for ages of the 18
observers used. Eleven color matching functions are represented here
due to age duplication of themultiple observers.
These results show considerably less variability than those shown in
Figure 1(3.4.2) for the 18 observer variability. The color matching functions
for ages 20 and 60 were computed for the standard deviate observer and are
shown in Figure 2(3.4.3). The variability appears to be on the same order of
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Figure 2(3.4.3) CIE standard deviate observer ages 20 (solid) and 60 (-).
The variance of the single observer and the 18 observers are plotted with the
squared term of the first deviate in Figure 3(3.4.3)a-f . Figure 4(3.4.3)a-c show
that the variance of the single observer and the CIE standard deviate observer
are very similar. Figure 4(3.4.3)d-f show that the variance of the 18 observers
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Figure 3(3.4.3)a-f Variance of CIE standard deviate observer (solid),
ADN (-)and 18 observers (- -). a-c) show CIE and ADN only for R'(A.),
G'(J0 and B'CU d-f) show all three for R'(k), GU) and B'(X-). The
squaring of the first deviate was performed by combining the first
deviate and CIE
2
observer to make the Standard Deviate Observer.
This observer was then transformed into the MCSL visual colorimeter
primaries, subtracted from the CIE
2
standard observer (in the same
primary system), and squared.
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Stiles'
color matching functions for 20 observers (10) used for the
standard deviate observer analysis were therefore plotted in Figure 5(3.4.3).
Stiles'
20 observers show variability similar to that of the single observer
shown in Figure 1(3.4.1).
Figure 4(3.4.3) Color matching functions of
Stiles'
20 observers shown in unit
area normalization. Variability similar to that of the single observer
ADN from the MCSL visual colorimeter.
It should be noted that Stiles 20 observers were selected from the 49
observers from the original study on the basis of greatest reliability and
experience in trichromatic matching without reference to the individual's
actual results. Individual (single observer) variability was not available in
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order to determine the precision of each observer (Wyszecki and Stiles, 1982).
The 20 observer data set has been accepted as representative of normal
observer variability and there has been no further large scale color matching
function studies to dispute this.
Other studies investigating a standard deviate observer, such as those
using the D&H color rule, have indicated a much larger variability than the
result from
Stiles'
data (Nayatani et al, 1985). The D&H color rule studies
also indicated a large variability within a small age group.
It has been noted in the CIE document on observer metamerism that
there were discrepancies between using the full set of Stiles observers and
using half of the set to determine the decomposed components. The results
were stated as satisfactory but the contribution factors of the components were
lower for the full set than for data set using 20 observers. In a similar study by
Nayatani et a/.,(1988), singular value decomposition was applied to
Stiles'
20
observers to determine the physiological causes of individual variation in
color matching functions. Nayatani et a/.,(1988) noted that there was a very
good correlation between the indices of observer metamerism for the 53
observers and those for the 20 observers. However, the physiological
contribution factors of the first and second component for the 53 observers
were low compared to those obtained by the 20 observers. It was explained
that this lower contribution was because of a high incidence of young
observers among the 53 observers, who
include observers who may be more
inclined to observational error than
Stiles'
20 observers (Nayatani, et
a/.,(1988).
This conclusion about the discrepancies appears quite natural
considering that the 20 were chosen on experience
with the Trichromator and
that there was little basis for determining observational error for an observer.
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However, the results of the current study indicate that there is a much larger
variability within an age group or across a twenty year period than what was
given by
Stiles'
20 observers. The observers in the current study were shown
to have given significant results through coefficients of variation factors, raw
and modeled data plots and statistical values. Although Nayatani et a/.,(1988)
found a lower contribution factor of the first two components in his
physiological study, the current study showed significant results with a
mathematical model which was very similar to the one used in Nayatani's
study. Therefore, the variability was found using the same factors as in the
physiological study.
In addition to the analysis using the MCSL colorimeter data, data were
also acquired from NRC for 2 observers (GW and GHF) whose color matching
functions had been measured several times over the course of 20 years.
Figure 6(3.4.3)a and b show that the differences over 20 years is very small.
The differences are on the magnitude of the standard deviations within 5















































































Figure 5(3.4.3) Color matching functions of a) GW(ages 32 (x) and 53 ()) and b)





The CIE standard deviate observer would be satisfactory for giving the
average color matching functions for a group of observers of a given age.
However, the CIE 1931 standard observer already gives the average color
matching function for a group of observers of any age. The CIE standard
deviate observer therefore should supply significantly more information
over the 1931 standard observer. It would be a convenient feature to be able
to correlate this deviation with an observer's age. However, if the variability
of a given age is greater than the variability with age, the correlation with age
as a measure for the standard deviate observer is not enough. The AEab
computation between two observers (ages 20 and 60) through the CIE standard
deviate observer only yields a value of 1.42 which suggests that the CIE
standard deviate observer does not show significant variation for observer to
observer variability.
3.5 INVESTIGATION OF COLOR ANOMALOUS OBSERVERS
Two color anomalous observers (RXE and ACN) were also tested on
the MCSL visual colorimeter. The observers were tested using the
Farnsworth 100 Hue test and the results are shown in Figure l(3.5)a andb.
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Figure 1(3.5) a-b Farnsworth 100 Hue test for protanomalous observers a) ACN
and b) RXE
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During the color matching experiment on the MCSL visual
colorimeter, it was noted that there was a range in which changing the red
response gave no visual change to either observer. Observer RXE had
experience with color discrimination tests and was therefore able to
accommodate for his anomaly during the experiment. This resulted in small
coefficients of variation and small standard deviation values for his raw data.
Observer RXE used the edges of the range and then adjusted the control to be
close to the middle of the range. This most likely had the effect of biasing his
variation coefficients and standard deviations. Observer ACN on the other
hand, arbitrarily chose the final adjustment when color change became
indiscriminable. The coefficients of variation for both observers are given in
Table 1(3.5). Compared with the coefficients of variation of the color normal
and single observer in Table 1(3.2), RXE shows average observer coefficients
while ACN shows very high coefficients for R'(X) and G'(X).












Table 2(3.5) shows that there is a difference in raw data between the
anomalous observers and the color normal observers. The differences show a
definite increase in the R'(X) adjustment for the color anomalous observers.
Since these differences in the raw data are consistent for all matches
(including the match to the CRT alone), they subtract out and become
irrelevant when the values are normalized to equal energy (refer section
2.2.2.)
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color normal RXE ACN
0.41+/- 0.04 0.47 +/- 0.06 0.56 +/- 0.30
0.19 +/- 0.03 0.36 +/- 0.01 0.34 +/- 0.13
0.08 +/- 0.04 0.25 +/- 0.05 0.56 +/- 0.09
*
The table gives the three matches that would be most sensitive to a raw data difference for
the R'(A.) response. The raw data for the rest of the matches agreed with the proposed trend.
The color normal data is a mean of the 18 observers and a standard deviation among the 18
observers.
It is believed that the differences in the raw data are more of a
circumstance of the actual performance of the matching procedure and not a
part of the anomaly. Most observers adjust the red, green, and blue response
by increasing (not decreasing) each until there is a match. If the matching
field becomes more chromatic and brighter than the reference field, observers
during this experiment commonly reduce all of the red, green, and blue
responses slightly until the observer can adjust
in increasing mode again. For
a color anomalous observer, however, this desire to increase leads the
observer to increase the weak response (here it would be red) through the
range of invariability until a change in the response occurs again. This may
put the red response abnormally high since the
color weak observer would
require more signal than a color normal observer. Even an observer who
would accommodate slightly (such as
observer RXE) would probably be more
prone to reporting a high
response than a low response. This response may
be an indicator for color anomaly and even the extent of the
weakness.
However, further data would need to be collected to prove
this.
The model coefficients for the color anomalous observers is given in
Table 3(3.5). An appropriate fit to the data could be made with the coefficients
bounded for RXE but the coefficients were not bounded for ACN. No fit to
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the data could be made for ACN with the coefficients bounded. The F-values
met the significance criterion for observer RXE but did not for ACN. The raw
data plotted with the model fits is shown in Figures 2(3.5)a and b.




R'a) macula -0.15 0.21
R'(X) short 40.48 -0.00
R'a) middle -23.96 -0.34
R'a) long 15.26 0.34
G'(?i) lens -0.26 -3.57
G'(X.) macula 0.27 1.74
G'(X) short -183.06 2.99
G'a) middle 21.41 -7.62
G'(X) long -5.87 14.80
B'a) lens 0.20 -0.30
B'a) macula -0.01 0.80
B'a) short 407.97 268
B'a) middle -1.45 -5.70



























/ \* / \/ \
tjj \ / *v
-D




Figures 2(3.5)a-b Color matching function raw and modeled data for
protanomalous observers a) ACN and b) RXE.
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Model fits compared to the CIE
2
standard observer are shown in
Figures 3(3.5)a and b. Observer RXE is very similar to the standard observer
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Figures 3(3.5)a and b Modeled colormatching functions of observer a) ACN and




The use of the MCSL visual colorimeter for investigating anomalous
observer color matching functions should be exercised with caution.
Interpretation of the results is limited since the observer has a choice of three
variables (red, green and blue) when the observer is only significantly
sensitive with two responses. There are also very few wavelengths sampled




The model for determining color matching functions using only seven





observer) and for individual observer data (ADN NRC). The
coefficients for the lens and macula were found to be consistent among the
R'(A.), G'a), and B'(X) color matching functions when 31 wavelengths were
used in the model. This consistency supports the concept that the model is
representing physiological data. Consistency decreased slightly when only
seven wavelengths were used.
Data collected from the MCSL visual colorimeter for a single observer
matched that collected on the NRC Trichromator. The single observer
showed a slight tendency of right eye only data corresponding better to both
eyes data than the left eye only corresponding to both eyes data. Not only
does this suggest a difference in the dominance and color matching of each
eye but it also suggests that the dominance in color vision is not necessarily
the same as the dominance in spatial vision (left eye dominant for the single
observer ADN).
The random noise of the single observer was very small for the three
repeat matches at each wavelength
- on the order of 2% for R'(X), G'(X), and
B'a). The coefficients of variation at the peak wavelengths over 20
collections for one month were roughly 5% which was very similar to the
corresponding coefficients of
variation for the ADN NRC data. The F-values
were also quite significant which indicated strong model fit. Examination of
the 20 data sets collected showed that the variability within a single day was as
much as the variability over a week's time or even a month's
time.
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The data for a single observer supplies information of the lower limit
of precision an observer has for color matching. This information is useful to
both industry and research.
The variability for 18 observers ages 20 to 40 was significantly larger
than that of the single observer. The average coefficients of variation of
matching to the seven wavelengths were roughly 5-10% for R'(X), G'(X), and
B'a). However, the peak coefficient of variation for the 18 observers was 30-
60%. The F-values for each observer were significant. The model coefficients
for the lens and macula of a given observer showed consistency between
R'(A,), G'a), and B'(X) color matching functions for several observers.
However, no correlation was found between any of the model coefficients
and the age of the observer. The model coefficients did show that there was a
wide range for each age range. Grouping the data into age groups of 10 years
showed that the variability within a 10 year period was as much as that over
twenty years.
The CIE standard deviate observer showed variation as a function of
age from 20 to 60 years on the order of the single observer variability. The
variability of
Stiles'
20 observers from which the standard deviate observer
was derived was also found to be similar to that of the single observer. Two
observers whose color matching functions were measured over a twenty year
period showed no significant change in color matching functions.
The data collected on the MCSL visual colorimeter is the first set of





data for multiple observers. The conclusion of these
results is that the variability due to the aging of the lens is very small or
insignificant compared to the variability within an age group over a 20 year
period. The CIE standard deviate observer gives deviate observers that are
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only slightly different that the standard observer over a 40 year period. For a
standard deviate observer to show the average deviation among color normal
observers, a stronger model is needed which may not be related to the
observer's age.
The difference in variability between the MCSL and Stiles data for
multiple observer variability shows that more data is needed to properly
evaluate observer variability. The new model and instrument offer the
ability to investigate more color matching function experiments for color
normal observer with different levels of discrimination (such as those
described by the D&H color rule as average, low, high and super
discrimination). Observations have shown to be relatively quick which will
allow for a large number of observers to be tested. With previous data from
other experiments about the physiological parameters and more color
matching function data, a better understanding of the coefficients in this
model can be determined.
Color anomalous observers should be tested with caution on the MCSL
visual colorimeter. The results can be very similar to the standard observer
for an observer with a weak cone sensitivity. However, for a strongly
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APPENDIX A OBSERVER INSTRUCTIONS
While sitting in the chair with your chin on the chin rest, raise
and lower the chin rest until the center line in the circular field
appears to be level or horizontal. Then adjust the height of the
chair such that you are comfortable. The object is to make the
bottom field match the top field. You will be using both eyes.
You have control of the bottom half of the field. You will adjust
the color by using the mouse control. [Ask observer to watch as
demonstrate] The buttons control which color you will adjust.
Left to right the buttons are red, green and blue. Press and
release the left button to activate the red. Then move the mouse
up to increase red and down to decrease red. Then just press the
button of the next color you wish to adjust. Green - press and
release and move up to increase and down to decrease. Blue
-
press and release and move up to increase and down to decrease.
When you are satisfied that the bottom half matches the top
-
which means that it looks the same as the top such that if the
center line were not splitting the field you could not tell that
there were two different colors there - when it matches, press all
three buttons simultaneously (you will here a beep) and you are
ready to start the next match. There are twenty four matches in
all. When you are finished the bottom half of the field will turn
black. While you are making your matches do not stare or fixate
on the center matching field. This will make you tire quickly
and you will not be making very good matches. Roll your eyes
around, move back from the chin rest if you become
uncomfortable but make all of your fine adjustments before you
complete a match with your head on the chin rest and focusing
on the center of the field. You will have two or more practice
sessions. Begin.
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APPENDIX B SCALING TO MCSL VISUAL COLORIMETER
In order to determine the bounds for the raw data, the standard data
was scaled relative to a set of data measured for ADN on the MCSL visual
colorimeter. Another set measured on the MCSL visual colorimeter for ADN
was used to verify the scaling factors. A linear model (no intercept) was fitted
between the standard data and the MCSL data for the available wavelengths.
The factors for normalization of each of the color matching functions is given
in Table Bl below.
Table Bl Scaling Factors
ADN NRC Stiles CIE standard obs
r 8.33 7.19 7.75
g 8.34 7.62 8.17
b 9.35 7.81 7.73
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APPENDIX C MODEL COEFFICIENTS FOR OBSERVER ADN 20
REPEATS
ADN 1 ADN 2 ADN 3 ADN 4 ADN 5 ADN 6 ADN 7
RU) lens 0.18 0.18 0.24 0.17 0.18 0.11 0.18 !
R'a) macula 0.03 -0.02 0.00 -0.04 0.03 -0.15 0.09
RCA.) short 43.13 47.95 67.19 46.85 44.80 89.00 30.69
RU) middle -45.57 ^7.55 ^8.82 ^7.23 -47.49 -48.74 -46.81
RU) long 29.46 30.73 31.17 30.09 30.20 31.01 30.22
G'(X) lens 0.12 0.13 0.10 0.12 0.10 -0.30 0.11
G'(A.) macula -0.26 -0.26 -0.26 -0.26 -0.26 -0.27 -0.26
G'(X) short -51.90 -51.19 -83.18 -53.25 -61.91 -97.22 -68.15
G'(JL) middle 24.46 24.56 24.83 24.58 24.66 32.88 24.64
G'(3L) long -3.78 -3.19 -3.53 -3.53 -3.59 -7.16 -3.21
B'(X) lens 0.38 0.30 0.34 0.28 0.29 0.38 0.24
B'a) macula 0.88 0.84 0.70 0.95 0.58 0.47 0.95 i
B'a) short 248.79 268.00 312.50 290.55 390.14 385.98 332.96
B'a) middle -0.78 0.22 -0.90 0.69 -1.87 1.14 1.81
B'a) long 0.32 -0.09 0.34 -0.44 1.16 -0.11 -1.03
ADN 8 ADN 9 ADN 10 ADN 11 ADN 12 ADN 13 ADN 14
RU) lens 0.13 0.18 0.10 0.14 0.19 0.18 0.18
R'(A,) macula 0.01 0.19 -0.01 -0.06 0.27 -0.20 0.20
RU) short 62.96 -20.85 89.21 51.26 56.97 73.53 43.89
RU) middle -47.57 -45.95 -47.26 ^6.89 -45.72 -43.60 -43.44
R'(X) long 30.61 29.43 30.25 30.01 29.53 28.04 27.56
GU) lens 0.17 0.06 0.04 0.10 -0.89 -0.30 0.08
G'(X) macula -0.26 -0.26 -0.26 -0.26 -0.26 -0.26 -0.26
G'a) short -51.15 -79.33 -64.68 -51.47 5.65 -75.26 -53.72
G'a) middle 24.86 24.38 24.52 24.59 32.41 29.05 23.86
GU) long -3.26 -3.13 -3.20 -3.49 -6.19 -5.94 -3.97
BU) lens 0.30 0.38 0.33 0.38 0.38 0.32 0.33
B'a) macula 0.95 0.61 0.85 0.38 0.73 0.77 0.57
B'a) short 281.80 320.41 281.75 394.33 390.73 268.00 320.54
BU) middle 0.99 -0.64 -0.75 1.32 1.64 -0.14 -1.18
BU) long -0.26 0.43 0.56 -0.11 -0.46 0.28 0.68
C-l
ADN 15 ADN 16 ADN 17 ADN 18 ADN 19 ADN 20
RU) lens 0.18 0.18 0.18 0.18 0.18 0.18
RU) macula 0.08 0.04 0.07 0.07 0.07 0.06
RU) short 47.51 46.09 78.48 79.43 79.03 76.37
RU) middle -42.88 -44.07 -46.89 -46.84 -46.44 -46.48
RU) long 27.50 28.30 29.67 29.78 29.66 29.43
G'a) lens 0.12 0.11 0.09 0.10 0.09 0.09
GU) macula -0.26 -0.26 -0.26 -0.26 -0.26 -0.26
GU) short -51.30 -52.08 -52.66 -52.65 -52.00 -52.52
G'a) middle 23.94 24.52 24.66 24.57 24.29 24.19
GU) long -3.79 -3.87 -3.90 -3.88 -3.95 -3.92
BU) lens 0.35 0.18 0.37 0.37 0.23 0.23
BU) macula 0.52 0.63 0.73 0.76 -0.16 -0.13
BU) short 337.27 339.47 268.01 268.00 659.76 680.96
B'a) middle 0.68 -0.03 -0.15 0.87 -2.49 -3.02
BU) long -0.05 -0.13 -0.09 -0.12 1.07 1.49
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APPENDIX D MODEL COEFFICIENTS FOR 18 OBSERVERS
TESTED ONMCSL VISUAL COLORIMETER
AJH BDN BGF DSS EAP EMH
RU) lens 0.18 0.06 -0.27 0.20 0.21 0.14
RU) macula 0.25 0.33 0.19 -0.26 -0.09 0.33
RU) short 22.61 136.81 89.00 105.69 54.78 77.57
RU) middle -32.07 -30.93 -45.70 -38.44 -45.19 -44.58
RU) long 17.77 22.43 29.33 24.41 30.49 30.96
G'(X.) lens -0.17 0.02 -0.51 -0.51 -0.50 0.48
GU) macula 0.34 0.37 -0.76 0.16 0.34 -0.14
GU) short -35.79 -50.11 -55.67 -153.54 -114.92 -119.83
GU) middle 26.60 24.16 28.88 27.07 26.78 19.85
GU) long -1.25 -3.27 -8.62 -9.03 -4.66 -2.72
BU) lens -0.53 0.26 -0.27 -0.23 0.31 -0.27
BU) macula 0.81 0.63 0.62 0.92 0.05 0.94
BU) short 447.66 318.38 268.00 268.00 513.75 268.14
BU) middle -4.77 -4.72 0.25 -0.64 -1.94 -3.14
B'a) long 4.53 3.10 -2.96 -0.89 0.97 -0.11
JCW JMM JWP LAR MDF MDS
RU) lens 0.10 0.14 0.04 0.18 0.18 0.18
RU) macula -0.28 -0.03 0.02 0.13 0.24 0.06
RU) short 89.00 89.00 89.00 77.89 45.56 77.38
R'a) middle -45.38 -50.44 -46.97 -44.48 -38.18 -44.85
RU) long 28.92 29.17 30.05 29.45 23.24 27.56
G'a) lens -0.51 -0.51 -0.29 -0.51 -0.04 -0.51
GU) macula 0.06 0.31 0.37 0.26 0.37 0.31
GU) short -95.33 -58.82 -78.91 -64.70 -53.26 -69.46
GU) middle 28.14 32.48 26.46 26.27 24.95 26.58
GU) long -7.61 -5.87 -3.73 -5.71 -3.99 -6.67
BU) lens -0.53 0.38 -0.01 0.20 -0.20 0.33
BU) macula -0.10 0.70 0.45 0.06 0.76 0.58
B'a) short 813.68 268.00 447.41 583.32 397.69 319.22
BU) middle -2.76 -0.49 0.49 -2.62 -2.34 -1.31
B'(A,) long -3.79 2.21 0.93 0.92 0.94 0.05i
D-l
MEG PXH SJC SMA YXL
RU) lens -0.38 -0.29 -0.23 -0.06 0.18
RU) macula 0.33 0.33 0.32 0.33 -0.30
RU) short 195.32 121.60 107.09 28.63 86.60
RU) middle -45.75 -39.92 -46.63 -44.15 -44.45
RU) long 32.52 26.35 29.59 28.73 28.54
GU) lens 0.27 0.27 -0.42 -0.35 -0.61
GU) macula 0.06 -0.15 0.34 0.34 -0.06
GU) short -38.00 -113.97 -127.85 -133.82 -258.16
G'a) middle 28.59 32.30 25.62 26.07 24.10
GU) long -3.19 -9.40 -7.36 -5.33 -5.51
BU) lens 0.29 -0.26 -0.44 -0.33 -0.61
B'(X) macula 0.42 0.84 0.95 0.94 0.69
BU) short 373.56 309.34 337.73 298.30 438.60
BU) middle 0.21 0.61 -1.21 -0.56 -3.57




Hi! This manual is here to guide you through operation of the
Munsell Color Science Laboratory Visual Colorimeter. First time users
should read the entire manual before attempting to run the instrument.
Don't worry, it's not that long. If you're familiar with the colorimeter but
need to refresh you're memory on quick operation, go to Section 1 Quick
Sheet
If you want to know more about the theory behind the instrument and
the results from the instrument, refer to the following references:
Fairchild, Mark D. "A Novel Method for the Determination of Color
Matching Functions Using a Visual Colorimeter with Laser
Primaries,"
Color Res. Appl, 14, 3 (1989)
North, Amy D. "Investigation of Observer Variability Using the Novel
Method for the Determination of Color Matching
Functions,"
RTT Color Science M.S. Thesis (1991).
COMPUTATIONS AND THEORY
ARE NOT DISCUSSED IN THIS MANUAL.
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SECTION 1 QUICK SHEET
Running the visual colorimeter. Refer to Section 3 if there are problems.
1. Turn on power strips, computer and lightbooth (daylight).
2. Turn on CRT.
3. Turn on power supply for lamps (make sure fans are running first)
(make sure current is at 5.8 amps).
4. On computer: type "cd vised".
5. type
"startrgb"
(prompts will come up for the following).
6. input outfile name (such as observer's initials date.dat ex: adn3_15.dat)
underscores are legal but not dashes. If the runs is a practice run, the
program still requires a name so type "j". <return>.
7. input observer's name and date (or "j") <return>.
8. type observer's initials (or "j") <return>.
9. type observer's age (or "j) <return>.
10. Check that CRT is displaying proper screen.
11. Check that filter control box is on remote.
12. Assist observer in aligning chin rest and then adjusting
the chair height.
13. Read instructions to observer.
14. Offer two practice matches (more if observer desires)
15. Quit program by pressing "shift-Q".
16. redo steps 5-9.
17. Start measurements.
18. When finished, copy file onto YOUR
OWN floppy disk.
19. Continue to perform other measurements or quit.
20. Don't forget to turn off lightbooth, power supply, and power strip to lamp
power. If you are in the middle of a project, leave CRT and computer
on, but turn off computer screen. BE NEAT.
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SECTION 2 GETTING ACQUAINTEDWITH THE VISUAL COLORIMETER
Getting acquainted is the first step to understanding this new tool.
First, I'd like to give you a general tour of the colorimeter. From above the
instrument you will see the major components.
1213cm
Figure El Top view of the visual colorimeter
The CRT is a Tektronix 650HR-C Monitor. The Filter control box is from
Oriel. The black box holds all of the optics to direct and modify the light to
the observer matching field. The position and alignment of the optics are
very delicate. You'll find that the black box is kept locked. Permission to
enter the black box can only be obtained from the Dr.'s: Mark and Roy. You
DON'T WANT TO GO INTO THE BLACK BOX UNLESS YOU ARE USING THIS
INSTRUMENT FOR A MAJOR PROJECT. I will show you a good view of the inside
of the black box with all of the components shortly.
First let me warn you that the cables should be taped down and not
played with since they are sensitive. The back view from the CRT shows that
the CRT is tilted. The CRT is sensitive to the table or the CRT being bumped
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because of this position. The CRT was tilted in order to reduce the sensitivity
of the observer to the raster scan lines of the CRT.
1 Back of box 1
.^^^^^i
i^-^'-^^Jf CRT
1 1 9.8cm 1, ^^^.^i
fll 2cm from corner 1
^M to table
Figure E2 View of CRT from operators position.
Figure E3 Opening to black box fromCRT
The port into the black box is shown in Figure E3. If we now go around the










Figure E4 Observer viewing field.
/
The chin rest can be raised or lowered by loosening the wing nut
behind the black post of the chin rest. The chin rest should be level during
observations, not tilted to one side. In order to align the chin rest for
observations, the observer moves the chin rest up and down until the
horizontal line in the bipartite field appears level as shown in Figure E5. It
may not always appear to be exactly in the center but the line should be level
as shown in Figure E5 where it is "okay".















Figure E6 Contents of the black box
Now for the mysterious black box. The lines in Figure E6 show the light
paths from the CRT through the glass to the observer, from the filter wheels
reflected from the glass to the observer, and from the daylight filter reflected
from the mirror to the observer.
Figure E7 shows a more detailed version of the components with
distances marked for reference for future projects. Not shown in the
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diagrams are two-12 amp fans to cool the lamps in the housing and an IR
filter in the lamp housing by the filter wheels. The light pipe box consists of
four walls lined with mirrors and diffuse glass on both ends. This light pipe








Figure E7 Contents of the black box
The filter wheels contain 7 Oriel interference filters. The wavelengths
and positions in the filter wheel are
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Position Al has a black mask in it. Positions A5 and Bl are open.
The tungsten halogen lamps run from a power box located below the
optics table near the light booth. Except for switching on the power
- DON'T











Figure E7 Power supply for lamps
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SECTION 3 OPERATING: FULL INSTRUCTIONS AND PROBLEM
SOLVING
After you have found all of the components described in Section 2, you
are ready to start operating. This section will be much like the Quick Sheet
except that it will give more details and ways to solve problems while
operating.
1. Turn on power strips, computer and lightbooth. The power strips are on
the floor under the optics table. You should hear the fans turn on for
cooling the lamps. For general measurements, the lightbooth should
be on daylight only.
2. Turn on CRT. The switch is at the top with a power light near the bottom.
Most of the other buttons are taped which control brightness, tint,
window size, etc. and none should be adjusted.
3. Turn on power supply for lamps (make sure fans are running first). Also
make sure that the current on the power supply is at 5.8 amps. The
light beside the current meter should be lighted. If the lamps do not
come on, check the wires to make sure they are connected from the
back of the power supply to the lamps in series. Beyond this, see Mark
Fairchild.
4. On the computer, type "cd
viscol"
to get to the visual colorimeter directory.
If you type
"dir"
you will find the vcmrgb program. The batch jobs is in
startrgb.
5. To get the measurement program running, type
"startrgb"
<return>
6. The first prompt is for the outfile name. It is handy to include the
observer's initials and the date of measurement for future reference.
An example would be adn3_15.dat. Underscores are legal but not




filename will let others using the system know that the
file is not to be used for data processing. The program requires that a
key-stroke be made and a return. <return>
7. The next prompt is for the observer's name. It will only take up to 30
characters. It is also handy to put the date after the observers name for
future reference on the file. Again type
"j"
if the run is practice.
<return>
8. The next prompt is for the observer's initials, (or type "j") <return>
9. The final prompt is for the observer's age. (or type "j") <return>. The
screen will go to a table like the following:
Visual Colorimeter Matching Program, 8-Bit Version.
Press then move up and down: left button to change Red
middle button to change Green
right button to change Blue









The first four lines are the heading and will always be there. "Current
Filter:
"
tells the operator which filter position the observer is using.
"Current Match:
"
tells the operator what match the observer is
performing for that filter position. There are three matches for each
of
the eight filter positions. In the example above, the observer is on the
first filter and the first match. "Current
R,G,B:"
inform the operator of
the tristimulus values that the observer is viewing and changing to
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make the match. "Current
Color:"
is the CRT primary that the
observer is currently adjusting: 0=red, l=green, and 2=blue. "Current
Device
Coordinates:"
informs the operator of the mouse position for
the current color. "Current Dr, Dg,
Db:"
give the digital count values
for red, green and blue that the observer is viewing and controlling.
10. Before starting measurements, check that CRT has the correct display.
The screen should be a square of mid grey appearance if the ambient
lights are on and fill about half of the total screen.
11. Next you want to check that the filter control box is on remote. The only
other switch is for manual which is useful during calibration. You can
also check that the filters are on position 1 by looking through the
ventilation opening at the side of the black box. You will be able to see
the first filter wheel. The filter wheel has a number in the center for
the filter position. This should be on 1. By looking around the edge of
the filter wheel, you should see no light reflecting off glass. When the
other filters are in position, you will see the color of the particular filter
being reflected off glass.
12. Now you can assist observer in aligning the chin rest and then adjusting
the chair height. The chair height is adjusted after the chin rest such
that the observer is comfortable during matching and not stretching or
leaning for the chin rest. Refer to Section 2 if you forget how to adjust
the chin rest.
13. Read the observation instructions to the observer. The instructions are
given in Section 4. While you are demonstrating the mouse control,
make sure the color is changing on the monitor as you expect. If the
color is not changing on the screen, this may mean that the mouse
table (grid) is turned sideways. The mouse knows the difference!
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Rotate the mouse table a quarter turn so the side is at the top. Now try
again. If it still doesn't work, make sure that you are pressing the
button and then releasing it while you move the mouse. The color
will not change if you hold the button and move the mouse. If it still
doesn't work, check the cable connections. Beyond this, see Mark
Fairchild.
14. Offer two practice matches for the observer. This will give the observer a
chance to get accustomed to the controls and will give you the chance
to check for any other problems (we hope there are none). If the
observer is not comfortable with the controls after two practices, let
him/her continue practicing. There is no time limit and it is better to
have good, precise data. You can now check that the program is
running smoothly by watching the computer screen as the observer
changes the match and by watching the CRT color.
15. If you ever want to get out of the program before a matching session is
finished, you can press "shift-Q". Otherwise, the program will
automatically quit at the end of a matching session.
16. If you have just completed a practice run, you will need to redo steps 5-9
to save data for the observers good matching session.
17. Now you can start measurements. You can watch the computer screen to
see how the numbers change while the observer is matching. If the
observer is comfortable with the instructions and what he/she is to do,
you may choose to leave the room at this point
- then you will not be
tempted to distract your observer by talking to them.
18. When finished, copy file onto YOUR OWN floppy disk. Nothing should
be stored on the computer drive unless you have special permission. If
files get erased by accident, then you will still have your copy.
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19. Now you can continue to perform other measurements on other
observers or quit.
20. Don't forget to turn off the lightbooth, power supply, and power strip to
lamp power. If you are not in the middle of a large project of collecting
data, you should also turn off the CRT. If you are in the middle of a
project and wish to make more measurements, leave the computer
and CRT on but turn off the computer screen (knob on front of
monitor). LEAVE EVERYTHING AS YOU FOUND IT - OR NEATER!
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SECTION 4 OBSERVERMATCHING DIRECTIONS
Here is a set of directions you may use for your observer. Remind
them to have fun and take their time - it is not a race!
While sitting in the chair with your chin on the chin rest, raise
and lower the chin rest until the center line in the circular field
appears to be level or horizontal. Then adjust the height of the
chair such that you are comfortable. The object is to make the
bottom field match the top field. You will be using both eyes.
You have control of the bottom half of the field. You will adjust
the color by using the mouse control. [Ask observer to watch as
demonstrate] The buttons control which color you will adjust.
Left to right the buttons are red, green and blue. Press and
release the left button to activate the red. Then move the mouse
up to increase red and down to decrease red. Then just press the
button of the next color you wish to adjust. Green - press and
release and move up to increase and down to decrease. Blue
-
press and release and move up to increase and down to decrease.
When you are satisfied that the bottom half matches the top
-
which means that it looks the same as the top such that if the
center line were not splitting the field you could not tell that
there were two different colors there - when it matches, press all
three buttons simultaneously (you will here a beep) and you are
ready to start the next match. There are twenty four matches in
all. When you are finished the bottom half of the field will turn
black. While you are making your matches do not stare or fixate
on the center matching field. This will make you tire quickly
and you will not be making very good matches. Roll your eyes
around, move back from the chin rest if you become
uncomfortable but make all of your fine adjustments before you
complete a match with your head on the chin rest and focusing
on the center of the field. You will have two or more practice
sessions. Begin.
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Visual Colorimeter C program
*
Color Matching experiment - writes file for individual observer
*





















int updatexy( double trgb[], int dac[], int plane);
int maketable(void);
















char filen[30]; /*file for observation*/
char date[10]; /Observation date*/
char observer[3]; /initials of observer*/
char name[30]; /*full name of observer*/












Welcome to the Visual Colorimeter.");
puts("In this experiment, you will adjust the color of one 8-bit plane");






putsC'What is the filename you want the data stored in?");
gets(filen);
puts("Type in observer's name.");
gets(name);
putsC'Type in observer's initials (first middle last).");
gets(observer);

























setmridc(0, 10000, 0, 10000);
/"
loop through the filters ...
*
V
for(filter = 1; filter <=8; filter++)





Initialize new starting color after each filter















mouseb = (int)(YFACTOR - trgb[2]*YFACTOR);
/*
*








updatetable(trgb, filter, dac, match);
/*





































































































int maketable( void )
{
clrscrO;
putsC'Visual Colorimeter Matching program, 8-Bit Version.");
putsC'Press then move up and down: left button to change Red");
puts("
middle button to change Green");
puts("
right button to change Blue");
puts("
");

































I assume that filter wheel A is connected to: COM1
*




















APPENDIX G. VISUAL COLORIMETER PROGRAM FOR
NORMALIZINGDATA
/*
This program will read in observer raw cmf data from crt and
*
convert it to normalized cmf data to be used in the
*
systat program to find model coefficients.
*
The input files consist of
*
1) raw cmf data in format filter,r,g,b
*
2) wlmlms.dat = wl,density of lens, density of macula
*
,smith and pokorny cone action spectra: l,m,s
*
3) radiance values of filters (7)
*






Want to output standard deviations for matches (raw)
* Output for this will go to file number 5 extension sds
*




* Want CIE XYZ values for observers. Output for this will
*
go to file number 6 extension xyz.
* ADN 3/9/91
*







int filter[8]; /*filter number*/









char header[80]; /Observer name,age,date*/
int wl[8]; /*data from wlmlms.dat*/
float lens[8],mac[8],l[8],m[8],s[8];
float rad[8]; /*filter calibrated radiance*/
char filen[30]; /Observer data filename*/




FILE *ptrl,*ptr2,*ptr3,*ptr4,*ptr5,*ptr6; /*files with data*/
/* intro and observer file input */
clrscrO;
putsC'Howdy! This program inputs raw CRT TSV (RGB) for");
putsC'the Visual Colorimeter and makes normalized TSV's (RGB) \n\n");
putsC'Please enter the observer data file name : ");
gets(filen);
fnsptit(filen, fdrive, fdir, fname, fext);
strcat(fname, ".sds");
if (!(ptrl = fopen(filen,"r"))) {





fprintf(stderr,"reading data files ...\n");
for (i = 0; i < 8; i++) {
for (j = 0; j < 3; j++) {
fscanf(ptrl, "%d %lf %lf %lf",&filter[i], &R[j][i], &G[j][i], &B[j][i]);
}
}
/*read in files 2 and 3*/
ptr2 = fopen("wlmlms.dat","r");
ptr3 = fopen("filtrad.dat","r");
for (i=l; i<8; i++) {
fscanf(ptr2,"%d %f %f %f %f %f",&wl[i],&lens[i],&mac[i],&l[i],&m[i],&s[i]);
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fscanf(ptr3,"%d %f", &filter[i], &rad[i]);
}
/Calculate means, standard deviations, correlation (std/mean)
and normalized cmf*/
fprintf(stderr,"Calculating . . An");
if( (ptr5 = fopen(fname,"w")) == NULL)
{





putsC'meanr, sdr, corr r, meang, sdg, corr g, meanb, sdb, corr b");
for (i=0; i < 8; i++) {
red[i] = ( R[0][i] + R[l][i] + R[2][i] ) / 3.0;
green[i] = ( G[0][i] +G[l][i] + G[2][i] ) / 3.0;
blue[i] = ( B[0][i] + B[l][i] + B[2][i] ) / 3.0;
sdred[i] = sqrtX ( (R[0][i] - red[i])*(R[0][i] - red[i]) +
(R[l][i] - red[i])*(R[l][i] - red[i]) +
(R[2][i] - red[i])*(R[2][i] - red[i]) ) / 2 );
sdgrn[i] = sqrt( ( (G[0][i] - green[i])*(G[0][i]
-
green[i]) +
(G[l][i] - green[i])*(G[l][i] - green[i]) +
(G[2][i] - green[i])*(G[2][i] - green[i]) ) / 2 );









printf("%lf %lf %lf %lf %lf %lf %lf %lf %lf", red[i], sdred[i], corrr[i],
green[i], sdgrn[i], corrg[i], bluefi], sdblu[i], corrb[i]);
fprintf(ptr5, "%lf %lf %lf %lf %lf %lf %lf %lf %lf\n", red[i], sdred[i],
corrr[i], green[i], sdgrn[i], corrg[i], blue[i], sdblu[i], corrb[i]);
}
fnsplit(filen, fdrive, fdir, fname, fext);
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strcat(fname, ".cmf");
if( (ptr4 = fopen(fname,"w")) == NULL)
{




putsC'wl dl dm L M S nR nG nB");
for (i=l; i < 8; i++) {
nr[i] = ( red[0] - red[i] ) / rad[i];
ng[i] = ( green[0] - green[i] ) / rad[i];
nb[i] = ( blue[0] - bluefi] ) / rad[i];
printf("%d %f %f %f %f %f %lf %lf %lf\n",wl[i],lens[i],mac[i],
l[i],m[i], s[i], nr[i], ng[i], nb[i]);



















for (i=l; i < 8; i++) {
*
X[i] = (55.93*nr[i] + 37.95*ng[i] + 19.2*nb[i]);
*
Y[i] = (28.84*nr[i] + 78.5*ng[i] + 7.9*nb[i]);
*
Z[i] = (2.15*nr[i] + 13.85*ng[i] + 103.5*nb[i]);
*












/*routine for reading in the header for the observer data file*/














if((ch==10) I I (ch==31))return(l);
if(k==len)return(0);
}
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